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Hops have been utilized by brewers for centuries to contribute bitterness, antimicrobial 
preservation and desirable aromatic profiles to beer. The hop cone is a small, lightweight, 
high moisture content flower which produces lupulin glands containing resins and 
essential oils that contribute desirable characteristics to beer. Due to the high harvest 
moisture content (75% wet basis), hops must be rapidly dried to properly preserve them 
for future processing and brewing. While hops have been dried for centuries, most 
literature from the past century has focused on drying to minimizing loss to the resin or 
physical cone structure. The objectives of this research were to investigate the 
relationships between different airflow conditions during drying and the effects to the 
essential oil content. Research demonstrated that the direction of applied airflow had an 
effect on the resistance to airflow, resulting in different values for the parameter constants 
(a and b) in the airflow resistance equation for the design of fan systems during hop 
drying. Analysis of the relationship between drying air temperature and amount of total 
essential oils in the dried hops demonstrated a consistent linear decrease in the oils 
content as the drying air temperature increased. However, results showed no conclusion 
could be made regarding a relationship between the drying air temperature and the 




decision making related to airflow rates, fan selection and drying air temperatures to 
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The state of Nebraska has experienced significant growth in the craft beer industry since 
2010. Hops, a main ingredient used in beer, grow well in the various climates across the 
state.1 Hops crop area in Nebraska has increased from 4.9 ha in 2014 to 20 ha as of 
2020.2,3 The total number of breweries and overall beer production has increased 
substantially over the last twenty years.4 Like many businesses, breweries have shown 
interest in using locally produced products. To meet the brewery needs, many farmers in 
Nebraska have demonstrated interest in diversification of their crops as other 
commodities have dropped from peak prices in the last ten years.5,6 In 2017, Nebraska 
breweries estimated Nebraska-grown hops were used for between 1 and 10% of their 
total hops in beer production. Resources to help farmers diversify and put hops into 
production have become more available in the past five years as the University of 
Nebraska-Lincoln has begun to expand its expertise within the hops industry.   
While there are many agronomic and environmental variables that affect the resins and 
essential oils within the hop cone, the drying process is the one that growers can best 
control. Much of the work last century was focused on breeding to produce high amounts 
of α-acid (a hop resin). Therefore, previous literature has generally focused on 
optimization of the drying process to minimize losses to the resin content. The general 
guidelines used in the industry for the drying of hops involve recommendations for air 
velocity and temperature to minimize α-acid loss. The objectives of the research reported 
in this dissertation were to better inform the process for selection of fans through analysis 




airflow direction, identify the relationship between drying temperatures and the essential 
oil contents of the hop cones, and to evaluate the rate of hop drying to consider 
alternative drying processes to improve the overall cone quality. The publication of this 
information will allow current and future hop growers to have better insight into their 







History and Current Production of Hops 
While hops are currently used almost entirely for brewing beer, historically hops have 
been used as a food preservative and/or ancient medicine. Some medical uses for hops 
include anxiety, sleep disorders, attention deficit hyperactivity disorder (ADHD), 
irritability, indigestion, to increase appetite, stimulate breast milk flow, assist cancer 
patients, and for their antibacterial properties.7 Paleobotanists detected wild hops being 
used for medicinal purpose in several Paleolithic sites. The first known written reference 
to hops was made by Gaius Plinus Secundus in Naturalis Historia (77-79 AD)8, who 
referred to hops as a food to be consumed similar to modern asparagus. Consumption of 
fresh hop sprigs is still common in many communities.  
Various sources indicate that hops began to be cultivated and included in brewing 
processes particularly by monasteries in France and Germany from around the 8th and 9th 
century A.D. until the 14th century A.D.7,8,9 During this time hops were likely used in 
brewing as a minor contributor to an additive called “gruit.” Gruit was a mixture of 
several herbs (sweet gale, yarrow, marsh rosemary, juniper, ginger, caraway seed, anise 
seed, nutmeg, cinnamon, etc.) added in varying amounts at the discretion of the brewer. 
Hop cultivation slowly spread to the rest of the European continent and by the 16th 
century, hops began to be cultivated in England. Small scale hop production was 
introduced to North America in the 17th century with the first main cultivation recorded 
in New York in 1808. Pest and disease problems ultimately caused the industry to shift to 




eastern Washington and Oregon. Over the same time period, hops were eventually 
cultivated and spread into several other regions such as South Africa, Australia, New 
Zealand, and Japan.  
In 1894, Wye College in England established an agricultural program to emphasize 
research investigations regarding hops.8 Many of the directors and principal researchers 
of that program have produced significant literature which formed the primary basis for 
the background of this research including E.S. Salmon, A.H. Burgess, and R. A. Neve to 
name a few.7,8 
In 2020 hop acreage and production worldwide totaled 61,596 ha and 126,619 kg, 
respectively10. Approximately one-third of this production occurred in the United States, 
another one-third in Germany, and the remainder split amongst several different 
countries. In the United States, approximately 95% of all hops were grown in the Pacific 
Northwest3, specifically Washington, Oregon, and Idaho. As published in the 
International Hop Growers and Hop Growers of America Reports,3,10 there is a wide 
selection of different hop varieties grown depending upon the region. These are generally 
classified into Aroma or Alpha production depending upon the characteristics of the 
specific variety. The last few years’ production in the US has shifted from traditional 
varieties of Cascade and Centennial to the proprietary variety of Citra to continue to meet 
market demand. Overall production in the US has increased steadily since 2013 to meet 





Neve7 discussed the botanical characteristics of hops extensively and that publication 
formed the basis for the information in this section. Hops are part of the Cannabinaceae 
family of plants which includes both Humulus and Cannabis. The genus Humulus 
contains three species, Lupulus, Japonicas, and Yunnanensis. However, Humulus 
Lupulus is the only species used in brewing. Humulus Lupulus is a dioecious perennial 
climbing plant. The primary climbing stem (bine) uses small, hooked hairs rather than 
tendrils to climb, typically via a clockwise entwining. As a dioecious plant, each 
individual plant is uniquely male or female. The unfertilized female flowers (hop cones) 
are the main commercial product of the hop plant. 
The root system of a fully mature hop plant extends up to 1.5 m in depth (depending upon 
the drainage conditions) and up to 1.8-2.4 m laterally. The large root zone allows the 
plant to rapidly uptake nutrients, particularly during the peak growth period from June 
through August. The rootstock returns to a period of dormancy each fall after harvest and 
must be broken from this period prior to growth the following season. The start of the 
dormancy state occurs when day length changes in early fall and the above ground plant 
material dies. The plants transfer and accumulate food reserves and nutrients in their root 
system. To properly break from dormancy, research has shown that the plants’ root buds 
need to be exposed to near freezing temperatures for up to six weeks before new growth 
can fully resume. 
The flowers produced by the female plants begin forming in June through mid-July. The 




enlargement of the bracts and bracteoles. The growth of small multicellular hairs forms 
the preliminary lupulin gland at the base of each bracteole (inner leaf) within the cone as 
seen in Figure 1. If the cone is not fertilized, no seed will develop within the cone itself. 
The lupulin glands12 in hops are found attached to the bracteoles often nearer to the strig. 
The glands appear visually as a small sticky yellow powder. Each gland is approximately 
0.2 mm in diameter and visible to the naked eye. Due to lupulin being the principal 
component for brewing, breeding approaches have sought to increase the concentrations 
of glands per cone over the last century. The lupulin glands themselves contain hard and 
soft resins, essential oils, and tannins.  
 
Figure 1. Cross Section and Anatomy of a Typical Hop Cone13 
 
The total resin content is a mixture of both soft and hard resins. The soft resins include 




beer. The α-acids are responsible for the bittering characteristics in beer and include 
humulone, cohumulone, and adhumulone. The β-acids include lupulone, colupulone, and 
adlupulone. The α-acid content can range from 3% in traditional hop varieties up to as 
much as 20% in modern hybrids. Additional American Society of Brewing Chemists 
(ASBC) methods exist for the analysis of α- and β-acids at various stages within hops and 
hopped products.  
Tannins are also present in the lupulin glands of hops. These polyphenolic compounds 
are water soluble and responsible, in addition to tannins from other sources (i.e. grains), 
for undesirable hazy conditions in the final brewed product. The tannins are often 
removed during the various cold break and hot break steps during the overall brewing 
process.  
Essential oils are the other main lupulin component and are responsible for the aromatic 
conditions of the hops. The total essential oils can range from 0.5% up to 3.5% of the 
total content of the dried cones. While most cultivars would fall within this range, some 
more modern varieties can reach even higher values. The essential oils are a general 
mixture of up to 200 or more individual hydrocarbon, oxygenated derivatives, or sulfuric 
compounds. The different essential oil compounds mostly are types of terpenes with 
various synthesis pathways. The standard ASBC method for collection of total essential 
oils is via steam distillation. The standard ASBC method for assessment of the various 
compounds is through Flame Ionization Detection (FID) gas chromatography (GC). 
Additional techniques for extraction can include hexane or carbon dioxide but formal 




While each essential oil can be categorized by a various aromatic contribution, in general 
the overall aromatic profile from a single hop is contingent upon the total composition. 
Therefore, a simple characterization describing the aromatic profile by the presence or 
absence of a single compound is not feasible. Additionally, it is often difficult for 
different individuals to have the same response to the same combination of aromatic 
compounds. In spite of this limitation, many of the essential oils have been identified to 
occur within certain categories and hop aromatic profiles can be generated as seen in 
Figure 2 for Chinook hops. The scale corresponds to the strength of each respective scent 
category in the ranking of the sensory panel, with 1 being negligible and 9 being strongly 
scented. Other similar spider charts, bar graphs, or general descriptions exist in literature 
and industry to provide the brewer an interpretation of the overall aromatic profile.  
 
Figure 2. The spider graph is an example of how an organoleptic expert might rate a 
freshly harvested unprocessed hop variety (in yellow) and the same hop after it has been 




Table 1 contains a short list of some of the most common essential oils considered in 
hops GC evaluation. Many of these same compounds are found in natural and synthetic 
sources. For example, limonene is the main component of citrus fruit peels.  
Table 1. 28 Common Essential Oils in Hops and Their Associated Scent Categories9 
Hop Essential Oil Scent Category 
2-methylbutyric acid Cheesy 
3-methylbutyric acid (isovaleric acid) Cheesy 
3-mercaptohexa-1-ol (3MH) Black currant, grapefruit 
3-mercaptohexyl acetate (3MHA) Black currant, grapefruit 
3-mercapto-4-methylpentan-1-ol (3M4MP) Grapefruit, rhubarb 
4-mercapto-4-methylpentan-2-one (4MMP) Black currant 
α-pinene Pine, herbal 
β-ionone Floral, berry 
β-pinene Piney, spicy 
Caryophylla-3,8-dien-(13)-dien-5-beta-ol Cedarwood 
Caryophyllene Woody 
Cis-3-hexenal Green, leafy 
Cis-rose oxide Fruity, herbal 
Citral Sweet citrus, lemon 





Eudesmol Spicy  
Farnesene Floral 
Geraniol Floral, sweet, rose 
Humulene Woody, piney 
Isobutyl isobutyrate Fruity 
Limonene Citric, orange 
Linalool Floral, orange 
Myrcene Green, resinous 
Nerol Rose, citrus 
Terpineol Woody 
 
Various research has been conducted in the last century to identify the synthesis 
pathways of the multitude of essential oil compounds. Additionally, various breeding 




the early 1900’s by E.S. Salmon was performed by breeding American strains of hops 
with European strains of hops. The most famous result was the production of the 
Brewer’s Gold variety which has been a widely used variety since the 1930’s when it 
became commercially available. Because of the dioecious nature of hops, it is quite 
feasible to track breeding of different varieties. An example of the various breeding 
programs performed on English hops can be seen in Figure 3. The breeding programs 
were performed to change a variety of different conditions within the hops themselves. 
Not only was breeding performed to increase alpha production or change aromatic 
profiles, it was also conducted to increase disease resistance in hops, adjust trellis heights, 
and increase cone production. Because of the breeding programs, many different 
aromatic profiles have been observed in the varieties of hops. Agronomic and 
environmental conditions in a respective year can also impact the aromatic profiles from 
each respective harvest. Just like with grapes the terroir (the collection of all yearly 
environmental factors that contribute to the unique yearly profile of the product) should 
be considered with each respective harvest of hops.  
Hop Production 
Neve7 discussed the agronomic production of hops extensively and those discussions 
form the basis for the information in this section. Most commercial hop farms are located 
between the 40° to 50° latitude belts across the globe15. There are several agronomic and 
environmental factors that contribute to this geographic situation. Hops demonstrate a 





Figure 3. Genealogy of several common English bred hop varieties16 
Hops require long day length (15-16 hours) and short nights during the principal growing 
seasons but, as stated previously, also require winter seasons harsh enough to encourage 
vernalization the next spring. Hops are susceptible to a variety of pests including aphids, 




minimize pest problems, hops can be sprayed as needed with various insecticides to 
target particular pests. Because of the typical trellis systems on which hops are grown, 
this can be a labor-intensive process depending upon access to appropriate equipment. To 
minimize excessive exposure to fungal conditions, preferred soil environments for hops 
growth are well drained, sandy loam soils.  
During the peak growing season, hop plants can grow up to 25 cm in a single day. 
Depending upon the environment, hop plants require anywhere from 50-75 cm of water 
each season to properly grow. Because hop fields are planted in tall, trellised rows, the 
irrigation needs are often performed using drip line or row systems. The water needs are 
most pronounced in the hops during the peak growth up to and after the summer solstice 
and can require up to 23 liters per plant per day. Hops typically require some additional 
nitrogen application annually and depending upon the soil conditions, potassium, 
phosphorus, magnesium and other trace elements might need to be added.   
The spacing between hop rows and plants can vary between farms; however, hops are 
generally planted 0.6-0.9 m apart within the row and 1.8-2.4 m between rows. To 
maximize productivity the hop bines are grown in trellised systems. The trellis height is 
typically 5.5-6 m but some hop varieties perform well on short trellis systems around 1.8-
3.7 m tall. One wire connects the top of each of the trellis poles in a single row and 
another wire connects the bottom of each pole. A string is tied from the top wire down to 
the bottom wire above each hop plant so the shoots of young bines from the plant can be 
wrapped around the string to train them to grow up the string.17 After emergence in the 




necessary and require being cut back frequently at the beginning of the season. The 
targeted cutting of early shoots is performed to prevent the hops from reaching the top of 
the trellis too early in the season. Because hops are highly sensitive to day length 
conditions, the objective is to have the plants reach full growth approximately at the 
summer equinox.  
Precise timing of the hops harvest occurs when the α-acid, β-acid and essential oils have 
reached their peak condition. The date this occurs can vary among varieties, yearly 
variation and environmental conditions. Hops that are picked too early typically have 
underdeveloped α-acid and the essential oils will consist of more green, grassy, resinous 
characteristics. Conversely, hops that are picked too late tend to have aromatic profiles 
that are described as oniony, garlicy or cheesy. The hop cones will increase in moisture 
content as they approach full ripeness in the fall. The ideal harvest occurs when the hops 
have reached approximately 75-80% moisture content wet basis (MCwb). Note that 
moisture contents in this dissertation are all given as wet basis moisture contents, unless 
specified otherwise. Growers daily check the moisture content of the hop cones 
throughout the fall to identify the ideal harvest dates.  
While hops were historically picked by hand, larger acreage systems have updated to use 
machine picking to strip cones from the bines. During harvest, the bines are cut from the 
field and transported to the harvester. While harvesters vary in design, most attach the 
bine to a hook of some kind and pull the entire bine through the harvester. A series of 
metal fingers spin to detach the hops from the bine and the detached hops fall onto a 




bines in addition to the hop cones. Because of their weight and shape, hops typically roll 
down the sloped conveyor belt onto a separate, lower, horizontal belt that transports them 
to collection containers. The stems, leaves, and other plant matter stick to and are carried 
up the sloped conveyor belts to the top and dropped a short distance onto a different, 
lower, horizontal belt. Fans are arranged to blow horizontally through the stream of plant 
matter, discharging the lighter stems and leaves out of the harvester. Clumps of hops that 
the harvester did not detach from bine segments also drop through this air stream, but are 
heavy enough to remain in the harvester and fall onto the lower, horizontal hop-collection 
belts and are transported to the collection container. Additional workers can separate any 
non-hop cone matter from the receptacles by hand. After collection, hops are transported 
to the drying system.  
Post-Harvest Processing 
Burgess8 investigated the post-harvest processing of hops extensively and that publication 
forms the basis for the information in this section along with some updates from the 
publication by Neve7. Drying is a necessary processing step for most high moisture 
agricultural products. High moisture content (MC), especially in connection with warm 
temperatures, encourages insect damage, fungal growth, mold growth, oxidation and 
ultimately economic losses. While most grains are harvested below 30% MC, hops are 
typically harvested around 75-80% MC. Due to the high MC, unless drying is begun with 
a few hours after harvest, the hops will oxidize and spoil as they begin composting. Final 
target MC for storage and baling is between 5-10% MC as stated in many references.
7,8,18 




D245.6 standard19 for California Cluster hops are plotted in Figure 4. Under most 
environmental relative humidity conditions (0-75% RH) the equilibrium moisture content 
for hops is below 10% moisture content dry basis (MCD).  
Underdried hops will deteriorate during storage and continue composting. Additionally, 
too much moisture will cause further complications in successive processing steps (e.g., 
gumming during pelletizing). Overdried hops can cause negative qualitative 
characteristics (e.g., reductions in alpha acids and essential oils content), physical losses 
due to cone fracturing, and be a potential fire hazard. After drying, the hops are quite 
fragile and care must be taken during unloading from the drying unit. After unloading, 
the hops are spread over a wide area for several hours for conditioning to allow moisture 
equilibration across the entire batch. Once conditioning has completed, the hops are baled 
and stored in cool, dry, and dark conditions to reduce the rate of oxidation until the hops 
are ready to be pelleted.7,8 
Historically hop drying was performed in kilns or oast houses using natural convection to 
dry hops slowly over a few days in shallow beds. As harvesting capacity increased with 
the introduction of mechanical harvesting, farmers needed to increase the rate of drying 
to keep up with the harvest. Kilns were outfitted to provide forced convection via fans 
and the air blown through the hops was heated within the firebox. Heat exchangers were 
introduced to minimize the contamination from charcoal or coal. While these batch 
systems were effective in their time, as harvest pace increased, the need to dry hops more 




typically employed. Hops are loaded into the highest tier and lowered periodically closer 
to the source of heated air.  
 
Figure 4. Equilibrium Moisture Content (wet basis) for Hops Relative to Air 
Environment for Storage at 25 °C 
Loading hops into kilns should be completed as uniformly as possible since uneven or 
under loading will cause inconsistent drying conditions within the bed due to temperature 
variation at each level. As the cones begin drying the bracts will open up or “feather.” 
According to Burgess, feathering generally occurs when the overall cone has reached 
approximately 35% moisture content. Conversely, overloading can be avoided by gently 
dumping the hops into the drying containers to a maximum depth of 6.6 cm for each m 










































Approximately 70% of moisture in the cone is in the bracts, with the remaining 30% held 
in the strig (assuming no seeds are present).8 This can cause a staging effect in the drying 
process as the moisture from the bracts is lost rapidly, while the moisture from the strig 
must migrate to the bracteoles before it can be evaporated from the larger surface area of 
the bracts. This staging effect is also temperature dependent as the evaporation from the 
different sections of the cone is dependent on the feathering state of the cone and 
structural integrity. Burgess developed equations to estimate the minimum time needed to 
dry hops assuming no depth of loading.8 Additionally, the equation can be modified to 
account for depth of loading which Burgess has referred to as extra time. All equations 
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Where: M. T. = minimum time to dry (minutes)  
V. P. = saturated vapor pressure of water at the drying air temperature (Pa) 
v. p. = vapor pressure of water already in drying air (Pa) 
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Where: T = total time to dry (minutes)  




As shown in the previous equations, the main conditions that are controllable during the 
drying process are the bulk airflow velocity, drying temperature, initial air moisture 
content (by dehumidification) and depth of loading. Based on research performed by 
Burgess and Bailey, the experimental equation performed well depending upon the final 
target moisture content. Burgess targeted 2% moisture content which is much lower than 
the typical desired final conditions between 5-10%. Overall the above equations provide 
an initial estimate of the time required to dry hops which can be verified through 
intermittent moisture content testing.   
Providing proper air circulation during hop drying is necessary to rapidly dry the hops 
particularly when the beds are filled beyond a single layer of cones. Airflow can be in 
either updraft or downdraft direction depending upon the user’s preference. Hops will 
cause some resistance to the airflow. Bailey20 originally presented the equation below as 
cited by Burgess to predict the static pressure drop due to hop resistance to airflow. 
However, no data currently exists in ASABE D272.3 Resistance to Airflow of Grains, 
Seeds, Other Agricultural Products, and Perforated Metal Sheets standard 21 for hops. 
Considerations for maximum airflow velocities need to be made as, with high air 
velocity, hops are more easily moved as they dry. Work from Bailey showed that dry 
bracts will become airborne at velocities exceeding 24 m/min (0.40 m/s) and whole dried 
cones at velocities above 46 m/min (0.77 m/s). Current general guidelines suggest an 
upper limit of air velocity of 0.3 m/s within the hop bed.7  
hs = (0.009589
Pa ∙ m3 ∙ min2
kg air ∙ kg hops




Where: hs  = static pressure (Pa) 
ρ = air density (kg/m3) 
L = loading of green hops (kg/m2 of kiln floor) 
v = bulk air velocity (m/min) 
The air temperature has a significant effect on the maximum drying rate of hops. In 
previous equations the saturation vapor pressure is determined at the ambient air 
temperature and increases with increasing drying air temperatures. Additionally the 
temperature of the air can impact the color, appearance, storability, and qualitative 
characteristics of the hops. Burgess showed that the amount of alpha acids in the hops 
decreased with increasing drying temperatures, thereby reducing the market value of each 
batch. Again, Burgess concluded that the market value of hops as judged by appearance, 
rub, aroma (essential oils), and the preservative value decreased from increases in the 
drying temperature. Curiously, Burgess noticed (along with other follow-up research)22 
that despite the decreases in the market value of hops from the increased temperature of 
the drying air, the brewing value of hops was consistently preferred with hops dried 
around 70 °C. Burgess suggested a typical drying temperature between 60 °C and 66 °C 
depending upon the depth of the hop bed and air flow through the hops. Additionally 
many users have suggested better aromatic profiles from drying with cooler 
temperatures.9 
An alternative approach of using dehumidified air rather than heated air has been utilized 




that allows for intermittent loading. The downdraft system allows hops to dry from the 
top down. By using lower drying air temperatures, more lupulin should be retained in the 
dried hops. While the dehumidified system showed improvements in the consistency 
among the cones, the time to try was considerably longer which would decrease the total 
processing rate of hops from field to bale.  
After the hops have been conditioned, they are placed into bales and kept in cool, dry, 
dark conditions to minimize oxidation and reduce further deterioration of the resins and 
essential oils. Depending upon the time of the harvest season and environmental 
conditions during storage of the bales, the hops can be maintained in bales for several 
months until they are ready to be pelleted. The pelletizing process involves first size 
reduction of the cones using a hammer mill. The remaining hop material is cast using a 
ring die machine to press the hops into long pellets, which can generate substantial heat. 
The lupulin glands are nearly all ruptured during this process. To minimize losses the 
process should occur under some form of reduced temperature and with low moisture 
content within the hops. Despite the loss of lupulin, almost all breweries are operated 
using hop pellets as opposed to whole hop cones. Standard storage of hop pellets is 
performed to minimize exposure to light, heat, or moisture which could all deteriorate or 
oxidize the pellets. To prevent negative effects, pelleted hops are stored in vacuum 
sealed, light reflective bags at refrigerated or freezing temperatures. Some producers will 
backfill the vacuum sealed bags with inert gases (i.e. nitrogen) to further reduce the 




Hops in Brewing 
The α- and β-acids characteristics of hops are the primary consideration when referring to 
bittering hops. As stated previously, both α- and β-acids are oxidized during storage. 
However, oxidation can be reduced through minimizing exposure to oxygen through 
compaction (baling), storage in cold temperature conditions, and reducing exposure to 
light. Both α- and β-acids have low water solubility but are readily dissolved in alkaline 
solutions and organic solvents. While hops were likely originally used for their 
preservative characteristics (β-acids) over centuries the bittering characteristics 
contributed by the α-acid has influenced the brewing market to trend to more highly 
hopped products (i.e. pale ales).7,8,9 
The so-called bittering hops are primarily used at the beginning of the wort boiling stage. 
Due to the hot temperatures most of the essential oils of hops will be boiled off during 
this process. While the α- and β-acids are typically not soluble in water, the wort boiling 
phase of the brewing process isomerizes the molecules of iso-α-acids and iso-β-acids. 
The iso-acids are quite water soluble and contribute to a greater extent bittering and anti-
septic properties.23 The antiseptic properties are quite inhibitory to certain classes of 
bacteria which would degrade the beer but do not affect yeast (fungus), which is a 
principal brewing component. Typical wort boiling takes approximately one hour to 
properly sterilize the liquid, isomerize hops, and coagulate protein. The addition of hops 
anywhere during this period will ultimately affect the amount of isomerization that occurs 





Conversely, aromatic hops are those which are principally added to contribute the 
essential oil content to impart aroma profiles, and to a lesser extent flavor. Essential oils 
are typically extracted for analysis through steam distillation, therefore addition during 
the wort boiling phase will inevitably result in nearly complete volatilization. Therefore, 
addition at various times during the boiling will affect the overall aromatic profile the 
brewer wishes to impart. The hop addition time periods can occur anywhere during the 
typical hour-long boiling process, flameout (when no additional heat is added to the 
kettle), or what is commonly referred to as dry hopping. Dry hopping refers to the 
practice of adding hops during the fermentation period of the beer. Depending upon the 
length of exposure to boiling conditions, the balance and contribution of α-acids, β-acids, 
and essential oils will vary from beer to beer at the brewer’s discretion. Because the 
fermentation stage is temperature regulated (5 °C to 20 °C) depending upon the strain of 
yeast, little heat is available to isomerize the acids. However, to obtain reasonable 
extraction of the essential oils, a multiple-day exposure time of the hops in the beer is 
often required. Alternatively, some brewers prefer to use hop extracts to replicate the 
same effects.25 In summary, in the practice of drying hops, knowledge of each step from 
initial growth and production to the brewing and consumption of beer is important ensure 







In 2018, hops were acquired from University of Nebraska-Lincoln Agronomy plots 
(40.8° N, 96.7°W). Chinook hops were harvested from the UNL East Campus research 
site on August 14, 2018. Zeus (CTZ) hops were harvested from the UNL East Campus 
research site on September 5, 2018. Cluster hops were harvested from the Scottsbluff 
research site on September 13, 2018. Other small amounts of different hops varieties 
(Centennial, Columbia, Crystal, Perle, Willamette) were provided from the UNL East 
Campus, Norfolk and Scottsbluff sites. The amount and/or quality of the other hop 
varieties was too small or poor to be useful for research purposes. A determination was 
made to focus on the Chinook, Cluster and Zeus (CTZ) varieties for the next two harvest 
seasons.  
In 2019, hops were again provided from the East Campus research site. Due to poor yield 
and/or weather events at the Norfolk and Scottsbluff research sites, hops were only 
available from the UNL East Campus research site. An initial harvest on August 23, 2019 
of Chinook, Cluster, and Zeus (CTZ) was provided for research. A second harvest of the 
Chinook and Zeus (CTZ) varieties was made on August 27, 2019. The different harvest 
dates were considered in subsequent analysis for both the Chinook and Zeus (CTZ) 
varieties for 2019 data and analysis.  
In 2020, access to the UNL sites was not possible due to Covid-19 restrictions, requiring 
alternative sourcing of hops. Chinook, Tahoma and Triple Pearl hops were purchased 




had the Chinook variety available to purchase as the Cluster and Zeus (CTZ) varieties 
were not available. Chinook hops were acquired on August 17, 2020. Tahoma and Triple 
Pearl hops were obtained on September 3, 2020.  
Cone Sizing 
The average size and shape of a hop cone typically varies from variety to variety. As a 
possible reason to explain potential differences in airflow resistance and drying rates 
between varieties, hop cone size data should be collected after the hops are freshly 
harvested. A standard digital caliper was used to determine average cone length and 
diameter for each hop variety for each year. The hop cone dimensions were measured to 
the nearest tenth of a millimeter. Approximately 25 cones were randomly sampled from 
the entire harvest from each variety as a representative sample, which exceeded the 200 g 
sample size suggestion in the ASBC Hops-126 standard method. 
Moisture Analysis 
Hop samples were assessed for the wet basis moisture content according to the ASBC 
Hops-4 standard method27. For each sample, approximately 2.5 g of hop cones were dried 
at 103 °C for a period of 1 hour and then reweighed. The analysis was performed in the 
Industrial Agricultural Products Center (IAPC) lab using a standard drying oven, 
aluminum pans and a bench scale to measure weights. The moisture analysis tests were 
performed to determine initial harvest moisture content and moisture content immediately 




Airflow Resistance Experimental Design 
2018 Airflow Resistance Experiments 
A prototype drying column was constructed from available materials to collect 
preliminary data to inform the 2019 redesign. The design was modeled from previous 
work for the purpose of measuring airflow resistance in different biomass materials.28,29 
A fan (Grainger Industrial Supply, model Dayton 4C447, Lake Forest, IL)30 was mounted 
to a ground level platform (Figure 5) and connected to 10 cm diameter, 30 gauge 
galvanized steel ductwork with appropriate fittings. Duct tape was used to seal all 
connections to prevent any air loss in the system. The airflow was directed upward to the 
bottom of the hop storage bin and through the hops in an updraft direction. The hop bin 
was made from two 0.9 m long, 46 cm inner diameter PVC tubes. The tubes were stacked 
vertically on top of each other to form a hop bin 1.8 m high and on top of a wooden 
platform. Each tube was sealed with rubber O-rings and silicon caulk to prevent air loss.  
 
Figure 5. Mounting of Centrifugal Fan to Wooden Platform with Ductwork Adapter to 




The column was instrumented with two temperature and humidity probes (LabJack, 
model EI-1050, Lakewood, CO)31 to measure the air conditions at the inlet to, and outlet 
from, the hop bed. Type K thermocouples were placed at wall ports at 0.3 m depth 
increments from 0 m (top of bed) to 1.5 m (bottom of bed) in the hop bin. Static pressure 
ports were placed at the fan inlet and at each 0.3 m interval from 0 m (top of bed) to 1.5 
m (bottom of bed) in the hop bin. The temperature and humidity data were recorded 
every 10 minutes during the entire drying period. The pressure data were manually 
recorded using a 0-125 Pa (Dwyer Instruments, Model 2000-0, Michigan City, IN) and a 
0-250 Pa (Dwyer Instruments, Model 2001, Michigan City, IN) differential pressure 
gauges. The static pressure ports were connected to the differential pressure gauge using 
0.3175 cm (1/8”) polyurethane plastic tubing. Air velocity was measured at the top of the 
hop bed using an air velocity probe (Kurz Instruments Inc., Model 441S, Monterey, CA).  
A portion of the total harvested hops were dried with ambient indoor air in the above-
described system. The ambient indoor air temperature varied between 21 °C to 24 °C and 
approximately 50% RH. The hops were dried over a period of approximately 3 days until 
the temperature of the hops reached a state of equilibrium with the temperature of the 
ambient air. The remaining hops were dried using a walk-in drying room kept at 41 °C in 
trays made from wood and perforated galvanized steel. At the end of the drying cycle, the 
hops were placed into 3.8 L transparent, zipped, plastic bags and kept in freezer storage 




2019 Airflow Resistance Experiments 
The drying system used in 2018 was redesigned prior to the 2019 harvest to measure the 
airflow resistance of the hops at the initial, harvested moisture content considering the 
following variables: circular and square drying columns, multiple airflow rates through 
fan throttling, and pressure measurements at multiple depths and traversing locations 
across the drying columns perpendicular to the air flow direction.  
Fan Selection 
The 2018 airflow resistance data and ASABE D272.321 were used to identify a similar 
agricultural product to inform the drying system design. The airflow resistance equation 





ln (1 + bQ)
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … (4) 
Where: ∆P = pressure drop (Pa or inches of water) 
L = bed depth (m or ft) 
a = constant for particular material (see Table 2) 







b = constant for particular material (see Table 2) 
From Figure 1 in ASABE D272.3, the material with the closest pressure drop per unit 




20% MC. Data for appropriate Lot 1 Ear Corn a and b coefficients were used from this 
standard to generate the system curve for the fan design. A centrifugal fan (Air Control 
Industries Ltd, VBM5, Axminster, UK)32 was selected for operation as seen in Figure 7. 
The fan curve assumes a circular PVC drying column 0.3 m in diameter and 0.9 m tall 
and followed processes described in literature.33,34 The fan was connected to 20 cm 
galvanized steel ductwork with appropriate fittings similar to Figure 5. Duct tape was 
used to seal all seams and joints in the ductwork. To achieve different airflow rates, the 
fan inlet screen was covered with layers of felt cloth to achieve a throttling effect.  
 
Figure 6. Example of Shedd's Curves for SI Units (Figure 1 in ASABE D272.3)29 
Airflow Resistance Columns  
The airflow from the fan was directed upwards to the air resistance column placed on top 




airflow resistance columns were built to accommodate standard research design (circular 
beds) and typical industry (rectangular beds). The first column had a 0.3 m internal 
diameter and circular cross section. The second column had 0.3 m by 0.3 m dimensions 
for the square cross section. Ports to measure the static gauge pressure in the columns 
were mounted in the column wall at 0.3 m depth increments. The pressure was monitored 
at 0.3 m, 0.6 m and 0.9 m of bed depth. At each depth increment 8 (circular system) or 9 
(square system) separate ports were installed to monitor the air pressure. The 
arrangement of the ports in the column cross sections are shown in Figures 8 and 9 
parallel to the airflow. 
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Figure 8. Horizontal Cross Section Arrangement of 9 Static Pressure Ports in 2019 
Square Airflow Resistance Column 
 
Figure 9. Horizontal Cross Section Arrangement of 8 Static Pressure Ports in 2019 




Instrumentation and Data Collection 
A hot wire anemometer (Omega, FMA900, Norwalk, CT) was placed approximately 15 
pipe diameters35 from the fan to measure air velocity and to allow the airflow to fully 
develop. Temperature and relative humidity sensors were placed at the air inlet to, and 
outlet from, the hop column to measure inlet and outlet air conditions.  
Static pressure was measured in the column using differential pressure transducers 
(Honeywell, HSCDANN004MGAA5, Charlotte, NC).36 Nine sensors were used in order 
to evaluate a full traverse of static pressure losses at each 0.3 m depth increment. Each 
pressure transducer was connected to 0.3175 cm (1/8”) polyurethane plastic tubing and 
appropriate barbed fittings. Barbed elbow fittings were mounted into small diameter PVC 
tubes which were mounted through the storage bin as shown in Figure 8 to complete the 
pressure traverse. The elbow fittings and appropriate pressure transducers were connected 
as needed using male-to-male plastic connecters.  
The pressure transducers, temperature and relative humidity sensors, and hot wire 
anemometer were all wired to a circuit board outfitted to run using Arduino software37. 
The program was designed to record all data every second as long as needed for each 
trial. Data were recorded at each depth increment, for each drying column and hop 
variety combination, at different airflow throttling levels. After all air measurements were 
recorded at a specific depth increment, the tubing from that depth increment was 
disconnected and reconnected to the next depth increment until measurements at all depth 
increments were obtained. Each hop variety was tested in each bed 3 times at 4 different 




felt cloth. The order that each airflow setting was applied was randomly determined using 
SAS software38 with the different independent conditions (hop variety, bin geometry, 
throttling level). All measured data were compared to measurements obtained from the 
2018 harvest (Kurz hot wire anemometer, inclined manometer and pitot tube, etc.) and 
calibrated for subsequent data collection.  
Drying Temperature and Time 
An incubator oven (Thermofisher Scientific, Heratherm IMH400, Waltham, MA)39 was 
purchased to dry the hops at different temperatures with regulated control (+/- 0.1 °C) for 
additional research objectives. The oven had high temperature stability (+/- 0.1 °C) and a 
large volume (400 L). Hops were spread in a single layer of cones on perforated 
aluminum pans (25.4 cm x 38.1 cm) to allow the heated air to fully surround the cones 
during drying. The pans were placed into the ovens for the specified amount of time at 
each respective temperature. The drying temperatures were randomized until all hops of 
each variety were dried. The hops waiting to be placed into the oven were kept in 
approximately 50 L, white, plastic, trash bags in a walk-in refrigerator to minimize 
spoilage.  
The different hop varieties were dried at ambient indoor air (nominally 22.5 °C), 37.8 °C, 
48.9 °C, and 60.0 °C temperatures. The time to dry was determined from equation 1 for 
each respective temperature with the following results: 49.2 hours, 11.2 hours, 5.6 hours 
and 3.2 hours respectively. The hops were dried for the approximate duration as 
indicated, weighed for moisture content determination, removed from the ovens and 




dried (conditioned). The moisture content of the dried hops was reexamined prior to 
subsequent total oil data collection. At the end of the equilibration period, the hops were 
placed into approximately 2 L, transparent, vacuum sealed, plastic bags, labeled and 
placed into freezers for long term storage for later processing to determine essential oil 
content.  
2020 Airflow Resistance Experiments 
The airflow resistance system was modified for the 2020 harvest cycle. Two 0.3 m 
internal diameter 1.5 m deep columns were built. The first column used small plastic 
tubes to set each pressure port at the midpoint of each 0.15 m depth interval within the 
drying bed (Figure 10). The data collected using the midpoint system had similar 
complications as the 2019 system which is considered in more detail in the discussion 
and results section. One complication that needs to be highlighted here is that the 
pressure taps were not always perfectly fixed in a parallel alignment to the bulk fluid 
airflow. While the contributions of pressure from fluid velocity should be minimal due to 
the packed hop bed, there is likely a small margin of error in the data collected using the 
midpoint system.  
The second column had small holes drilled into the side wall to insert pressure taps at 
0.15 m depth intervals without any obstruction to airflow in the column (Figure 11). 
Additional galvanized steel ductwork was used when required by the airflow direction 
randomization plan to change the airflow from an updraft (Figure 12) to a downdraft 






Figure 10. Horizontal Cross Section of 2020 Airflow Resistance Column with Midpoint 
Pressure Measurement 
 





Figure 12. 2020 Airflow Resistance System in Updraft Airflow Orientation 
 




Additional felt layers were used to further throttle the fan and achieve lower air flow 
rates. The lower end of the measurement range for the hot wire anemometer limited the 
maximum number of felt layers that could be used to throttle the fan inlet to 6 layers. The 
different number of felt cloth layers used to throttle the fan were then 0, 2, 4 and 6, to 
achieve a larger range of airflow rates. Data were recorded for each possible combination 
of hop variety, drying column, airflow orientation and fan throttling level.  
Drying of Agricultural Products 
Established literature through ASABE has been developed for the assessment of airflow 
resistance in various agricultural products through the ASABE D272.3 standard29. The 
prediction of what is typically referred to as Shedd’s curves as seen in Figure 6 above, 
allows for the proper selection of fans relative to the geometric conditions (cross 
sectional area, depth) of the agricultural products in the drying column. The lines in 
Figure 6 can be generated using appropriate a and b coefficients (from Table 2) for each 









Rate of Drying 
For each of the 2020 hop varieties, data were collected to determine the rate of drying 
and potential different rate periods. The length of the drying cycle used was consistent 
with the estimated drying times that were calculated previously. Each hop variety that 
was dried at 37.8 °C, 48.9 °C and 60.0 °C was dried for approximately 12 hours, 8 hours, 
and 3.5 hours, respectively. For each of the samples, weight data were recorded between 
8-10 different times at appropriate intervals for each respective drying cycle depending 
upon total drying time. To collect data, two rectangular perforated aluminum pans (25.4 
cm x 38.1 cm) and three small unperforated aluminum pans (7.62 cm diameter) were 
used to hold a single cone deep layer of the hops.  
The analysis of the rate of drying follows the process as described in Geankoplis.40 The 
recorded data were corrected to remove the pan weight from each individual sample. The 
initial hops moisture content was used as the starting condition for each hop sample. The 
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W = Total Mass (kg) 
Ws  = Dry Matter Mass (kg) 
The rate for each time step was calculated using equation 6 where Ls is the total amount 




using the weight ratio and time steps described in the previous paragraph. The drying rate 
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Ls = Dry Matter Mass (kg dry matter) 
A = Exposed Surface Area (m2) 
dX
dt
= Rate of Change in Moisture Ratio (
kg H2O
kg dry matter ∙ h
) 
Hop Chemical Analysis 
Total Oil by Steam Distillation 
The chemical component analysis of hops was evaluated using additional ASBC 
standards. Hops total oil content was determined using steam distillation from Hops-13 
standard (Total Essential Oils in Hops and Hop Pellets by Steam Distillation)41. Two 
systems were purchased as described in the method. The distillation receivers used had a 
maximum capacity of 5 mL. For most varieties, approximately 200 grams of whole hop 
cones were used for each sample to prevent exceeding the capacity of the distillation 
receivers. Low essential oil varieties (Cluster) could accommodate larger amounts of 
whole hop cones consistent with the standard. Due to the presence of small air bubbles 
and separated oil columns, a third distillation receiver was used to collect and quantify 




in a small glass vial, labeled and placed into freezer storage until ready for Gas 
Chromatography (GC) evaluation. Because the 2018 data showed increases in the total 
essential oils with increasing air drying temperature, subsequent years (2019, 2020) 
corrected all of the total essential oils results to mL of oil per 100 grams of hop dry 
matter by measuring the wet basis moisture content of each sample before extraction.  
Essential Oil Analysis 
The distribution of essential oils was determined using Hops-17 standard (Hop Essential 
Oils by Capillary Gas Chromatography-Flame Ionization Detection)42. The different 
essential oil species (per the standard) that were used in training the gas chromatograph 
included: myrcene, linalool, caryophyllene, α-humulene, farnasene, and geraniol. 
Additionally, to compare with other research43,44, the following species were used in 
training the gas chromatograph: α-pinene, citronellol, limonene, geranyl propionate, 
geranyl isobutyrate, geranyl acetate, nerol, ocimene, α-phellandrene, methyl decanoate, 
methyl octanoate, methyl heptanoate, isobutyl isobutyrate, and 2-methylbutyl 3-
methylbutanoate. Table 3 below categorizes each of the species listed above into 
appropriate scents. To determine the relative percentage of each respective essential oil, 
the area under each peak was calculated using the GC/MS software and then compared 
against the total area under all the peaks in the gas chromatograph. All relative 
percentages of each respective essential oil were then compared at each respective drying 






Table 3. Essential Oils Used to Train the Gas Chromatograph System 
Hop Essential Oil Scent Category 
Citronellol Citrus 
Geraniol Floral 
Geranyl Acetate Floral 
Geranyl Isobutyrate Floral 




Methyl Decanoate Fruity 






Isobutyl Isobutyrate Tropical Fruit 
Methyl Heptanoate Tropical Fruit 








1. Determine the airflow resistance in hops at different airflow rates to contribute 
to the ASABE D272.3 standard while considering hop variety, hop cone 
geometry, hop bed geometry, and airflow direction.  
2. Evaluate the rate of drying of hops at different temperatures. 






Example of 2020 Experimental Procedure 
3 hop varieties (Chinook, Tahoma, Triple Pearl) from Hop Yard in Plattsmouth, 
Nebraska 
Initial Data Procedure 
1. Perform sampling for physical examination to measure individual cone length and 
diameter using digital caliper per ASBC HOPS-1 and ASBC HOPS-2 standards 
2. Determine the harvested moisture content (wet basis) using 3-5 samples per 
ASBC HOPS-4.C standard.  
Airflow Resistance 
The order of each combination was randomly determined using SAS. Fill the 
airflow resistance column apparatus to measure the static pressure drop for at least 
a 10 second interval considering the following possible independent variables: 
1. Changing airflow rates (use felt to throttle with 0, 2, 4, 6 layers) 
2. Midpoint or wall mounted static pressure ports in circular drying column 
3. Updraft and downdraft airflow orientations 
Procedure 
1. Fill appropriate airflow resistance column (randomly assigned between midpoint 
or wall mounted system) 





3. Measure airflow resistance at each throttling speed (randomly assigned between 
0, 2, 4, 6 layers) 
4. Repeat steps 1-3 until all combinations of airflow orientation and airflow 
resistance column have been completed with three samples at each throttling 
speed  
Rate of Drying 
Divide hops into 4 equal portions, each portion to be dried at one of the four 
drying temperatures (randomly determined order): ambient temperature (22.5 °C), 
37.8 °C, 48.9 °C, and 60.0 °C 
Dry hops for approximately 3 days at ambient temperature (22.5 °C), 12 hours at 
37.8 °C, 7 hours at 48.9 °C, and 3 hours at 60.0 °C, respectively.  
Procedure 
1. At each drying temperature weigh 2 large pans and 3 small pans 
2. Small pans should have approximately 2.5 grams of hops, fill large pans for a 
single cone layer. Weigh each pan for initial weight. 
3. Put all pans in the incubator oven set for the appropriate drying air temperature. 
4. Weigh all pans at appropriate time intervals for the drying air temperature to 
collect approximately 8 data points (every 2 hours for 37.8 °C drying air, every 
hour for 48.9 °C drying air, every 30 minutes for 60.0 °C) until the total time has 
completed as stated previously. Ambient temperature drying was not monitored 




Once all samples are dry, allow to sit out in ambient air for the same length of 
time they were dried to cool and equilibrate moisture content. Maintaining dried 
moisture content was not critical for subsequent total essential oil calculations as 
that was measured immediately before total essential oils distillation. 
Seal each sample in a vacuum sealed plastic bag and place into freezer for storage 
until further analysis. 
Oil Content Data Procedure 
1. Determine the total oil content of 100-200 grams of dried whole cones from the 
dried sample by steam distillation per ASBC HOPS-13 standard 
2. Determine the post-storage moisture content of remaining hop cones from the 
sealed bag per ASBC HOPS-4.C standard.  
3. Hop oils obtained from the distillation were stored in -20 °C freezers until 
performing GC/MS analysis.  





Results and Discussion 
Cone Sizing 
The cones in 2018 were not sampled for average length and diameter. Average hop cone 
length and diameter data were collected for the 2019 and 2020 harvests to compare for 
packing differences within the drying bed. In 2019, all three varieties were similar in 
average size. When acquiring hops in 2020 it was desired to obtain hops of varieties with 
different cone sizes for the purposes of comparing in both the airflow resistance question 
and the rate of drying question. The Tahoma variety was specifically selected because of 
the smaller average cone size when compared with Chinook and Triple Pearl. The data 
for both years are presented in the following Tables 4-5 for all varieties used in the 
research. The hop volume was approximated using an oblate spheroid model per equation 
7 below. The volume of the cones was then tested for statistical significance between 
varieties from 2019 and 2020 using analysis of variance (ANOVA) in SAS. More 
detailed statistical analysis reports can be found in Appendix A. The ANOVA type III 
tests of fixed effects showed there was at least one significant difference in volume 
among the 2019 hops varieties.  The results of the significance testing are shown in Table 
6 below. 
 
Table 4. 2019 Hops Cone Length and Diameter (Average Value ± Standard Deviation) 
for Approximately 25 Cones from Each Variety  
Hop Variety Cone Length (mm) Cone Diameter (mm) 
Chinook 19.9 ± 4.4 14.1 ± 2.1 
Cluster 29.0 ± 8.2 20.0 ± 2.3 





Table 5. 2020 Hops Cone Length and Diameter (Average Value ± Standard Deviation) 
for Approximately 25 Cones from Each Variety 
Hop Variety Cone Length (mm) Cone Diameter (mm) 
Chinook 27.6 ± 7.3 12.9 ± 1.8 
Tahoma 13.0 ± 2.6 9.4 ± 1.5 
Triple Pearl 25.6 ± 5.7 14.9 ± 2.3 
 




Table 6. ANOVA of Differences between Hop Cone Volumes for All 2019 and 2020 
Varieties 
Hop Variety 1 _Hop Variety 2 t Value Pr > |t| 
2019 Chinook 2019 Cluster -15.70 <.0001 
2019 Chinook 2019 Zeus -8.39 <.0001 
2019 Chinook 2020 Chinook -0.82 0.4136 
2019 Chinook 2020 Tahoma 3.69 0.0003 
2019 Chinook 2020 Triple Pearl -2.37 0.0181 
2019 Cluster 2019 Zeus 7.47 <.0001 
2019 Cluster 2020 Chinook 9.22 <.0001 
2019 Cluster 2020 Tahoma 13.68 <.0001 
2019 Cluster 2020 Triple Pearl 7.68 <.0001 
2019 Zeus 2020 Chinook 4.47 <.0001 
2019 Zeus 2020 Tahoma 8.97 <.0001 
2019 Zeus 2020 Triple Pearl 2.92 0.0037 
2020 Chinook 2020 Tahoma 3.56 0.0004 
2020 Chinook 2020 Triple Pearl -1.23 0.2202 
2020 Tahoma 2020 Triple Pearl -4.79 <.0001 
 
From the results in Table 6, most varieties appear to be statistically different by volume, 
assuming a P < 0.05 confidence interval. Exceptions include 2019 Chinook to 2020 
Chinook and 2020 Chinook to 2020 Triple Pearl. The lack of a statistically significant 
difference between the 2019 Chinook and 2020 Chinook cones results from the statistical 
comparison of cone volume rather than separate comparisons of length and diameter. 





Initial Moisture Content 
The initial wet basis moisture content of hops was recorded for both the 2019 and 2020 
harvests in Tables 7-8. This information was used in subsequent analyses to consider the 
airflow resistance through the crop, the rate of drying of the hops and the total estimated 
drying time.  
Table 7. 2019 Hops Initial Moisture Content (Wet Basis) After Harvest, Average ± 
Standard Deviation 
Hop Variety Average Initial  MCwb 
Chinook 76.9% ± 1.46% 
Cluster 80.1% ± 1.07% 
Zeus 78.0% ± 1.67% 
 
Table 8. 2020 Hops Initial Moisture Content (Wet Basis) After Harvest, Average ± 
Standard Deviation 
Hop Variety Average Initial  MCwb 
Chinook 77.8% ± 0.94% 
Tahoma 74.6% ± 1.52% 
Triple Pearl 75.6% ± 0.47% 
Airflow Resistance  
2018 Results 
Airflow resistance (pressure drop) data were collected during drying of the hops 
harvested in 2018 using a pitot tube, inclined tube manometer and static pressure taps 
mounted in the column wall at 0.3 m height increments. It was observed that the static 
pressure measured at the bottom of the column decreased during the drying period. With 
the updraft flow of drying air through the hop column, the hops at the bottom dried first 
and the drying front moved upward through the hop column. This resulted in the heavier, 
wet hops at the top compressing the lighter, dry hops at the bottom, which resulted in the 




height at the completion of the drying cycle. As the top of the hop column dropped below 
a static pressure port in the drying column wall, that port was exposed to ambient air and 
the differential gauge pressure at that port decreased to zero. The largest total airflow 
resistance through the hops was observed with the hops at their initial harvest state. 
Subsequent research and the fan design were performed with this consideration in mind. 
Due to the large change in moisture content during drying, the resistance to airflow 
(pressure drop) can decrease substantially, causing the air velocity to increase. This 
velocity increase can result in exceeding the 0.3 m3/(s·m2) maximum bulk airflow 
objective7 which can lead to blowholes or blowouts in the column depending upon the 
airflow orientation (downdraft or updraft) of the system.  
The largest airflow resistance occurred at the full hop bed depth and initial harvest 
moisture content. The initial resistance to airflow for each variety at the full bed depth are 
presented in Table 9. The initial pressure drop per depth at the full column depth was 
compared to other materials as seen in Figure 14. The curves for other agricultural 
materials in Figure 14 were all obtained using equation 4 with a and b coefficients for the 
respective material from Table 2 in ASABE D272.321. The airflow resistance data 
indicated the pressure drop from the 2018 harvest of the three hops varieties was between 
the pressure drop per depth for peanuts and corn ears in the 0.2 to 0.3 (m3/s·m2) bulk 
airflow per cross sectional area range. Because of this, the redesigned airflow resistance 
system for 2019 used corn ears as the model for fan design. Shown in Figure 15, the 
average pressure drop for each 2018 hops variety was compared to pressure drop 




depth determined using the Bailey equation was greater than the average pressure drop 
per depth measured at wall taps with differential pressure gauges for the hops harvested 
in 2018.  
Table 9. 2018 Airflow Resistance Initial Static Pressure Measurements for Three Hop 





Static Pressure at Full 
Bed Depth (Pa) 
Airflow Rate per Bed Cross 
Sectional Area (m3/s∙m2) 
Chinook 1.5 137 0.24 
Cluster 1.5 124 0.24 
Zeus 0.9 107 0.28 
 
2019 Results 
The 2019 research included the following considerations: three hop varieties (Chinook, 
Cluster, Zeus), two airflow resistance column bed geometries (circular, square), 
resistance to airflow traverses of both geometries, and multiple airflow rates from fan 
inlet throttling. All of the 2019 experiments were performed using updraft airflow 
direction. Table 10 shows an example of one sample of traverse data collected for the 
Chinook variety with 0.9 m of hop depth and no fan throttling in the square bed. The 
cross-section of the square bed was divided into 9 equal sized areas as described 
previously.  
Table 10. Example of Resistance to Airflow Traverse Data for Chinook Hops at 0.9 m 
Bed Depth in the Square Bed Geometry with No Throttling of the Fan Inlet. 
Units (Pa) Column 1 Column 2 Column 3 
Row 1 147.3 150.6 148.3 
Row 2 150.1 149.9 148.2 
Row 3 149.0 147.3 147.8 
Bulk Airflow per Bed 
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Figure 15. Comparison of the 2018 Hops Airflow Resistance Data to Other Common Midwestern U.S. Agricultural Products from 
ASABE D272.3 and the Bailey Equation 
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Statistical analyses were performed to examine possible variety and bed geometry 
differences for the 2019 data. For each of the three varieties and two bed geometries, the 
drying column was filled with hops three times (three samples). The analysis of 
covariance (ANCOVA) for Chinook hops is seen in Tables 11 and 12 to test differences 
among the experimental samples. From Table 11, there was no significant difference 
between the first and second samples in the circular bed geometry. There were significant 
differences between the third sample and the first two samples for the circular bed 
geometry. For the square bed geometry in Table 12, no significant differences among the 
samples were observed.  
Table 11. ANCOVA Results for Differences in Airflow Resistance among 2019 Samples 
of Chinook Hops in the Circular Bed Geometry 
Sample Sample t Value Pr > |t| 
1 2 0.01 0.9958 
1 3 9.66 <.0001 
2 3 9.66 <.0001 
Table 12. ANCOVA Results for Differences in Airflow Resistance among 2019 Samples 
of Chinook Hops in the Square Bed Geometry 
Sample Sample t Value Pr > |t| 
1 2 -0.12 0.9043 
1 3 -1.8 0.0735 
2 3 -1.68 0.0948 
The Chinook data for all samples and bed geometries are presented in Figure 16. The 
outlying sample (circular bed sample 3) is suspected to have occurred from a blockage 
within the column as a result of the structure used for mounting of the pressure ports (as 
shown in Figure 9). The blockage was observed when emptying the column after the 
third sample for the circular bed geometry as some of the hops lodged in the column and 





may have caused a void space which would have decreased the overall airflow resistance 
in the system and resulted in the data points in the graph shifting towards the left. This 
sample was removed in subsequent analyses for this reason. ANCOVA was performed to 
consider differences in airflow resistance between the bed geometries in Table 13. The 
results indicate there was a significant difference in airflow resistance between bed 
geometries for the Chinook variety with the circular bed having the slightly higher 
airflow resistance.  
Table 13. ANCOVA for Differences in Airflow Resistance between Circular and Square 
Bed Geometries in 2019 Chinook Hops 
Geometry 1 Geometry 2 t Value Pr > |t| 
Circular Square 4.22 <.0001 
The ANCOVA results for Cluster hops are presented in Tables 14 and 15 to compare 
differences in airflow resistance between experimental samples. From Table 14, there 
was no significant difference between the first and second samples for a circular bed 
geometry. There were significant differences between the third sample and the first two 
samples for the circular bed geometry. For the square bed geometry in Table 15, no 
significant differences were observed. 
Table 14. ANCOVA Results for Differences in Airflow Resistance among 2019 samples 
of Cluster Hops in the Circular Bed Geometry 
Sample Sample t Value Pr > |t| 
1 2 0.5 0.6146 
1 3 -4.73 <.0001 
2 3 -5.23 <.0001 
Table 15. ANCOVA Results for Differences in Airflow Resistance among 2019 samples 
of Cluster Hops in the Square Bed Geometry 
Sample Sample t Value Pr > |t| 
1 2 0.49 0.6254 
1 3 -0.55 0.5799 
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There were no specific observations, unlike with Chinook, why the third Cluster circular 
bed geometry sample resulted in an increase in airflow resistance within the hop bed. It is 
possible that the hops were packed too tightly into the column or that the sample mass 
was beginning to change between samples. However, because no specific reason was 
identified to reject the sample, it was included in subsequent ANCOVA. Regardless, the 
results of the ANCOVA tests concluded a significant difference in airflow resistance 
between the bed geometries whether circular sample 3 was included or not. Again, the 
circular bed geometry showed increased airflow resistance compared to the square bed. 
The ANCOVA results are presented in Table 16. A plot of all Cluster samples is 
presented in Figure 17. 
Table 16. ANCOVA for Differences in Airflow Resistance between Circular and Square 
Bed Geometries in 2019 Cluster Hops 
Geometry 1 Geometry 2 t Value Pr > |t| 
Circular Square 2.43 <.0185 
The same ANOCVA procedure that was performed for Chinook and Cluster was also 
performed for the Zeus variety. A plot of all Zeus samples is presented in Figure 18. The 
ANCOVA for Zeus is presented in Tables 17 and 18 to compare differences in airflow 
resistance between experimental samples. From Table 17, there was no significant 
difference among the samples in the circular bed geometry. For the square bed geometry 
in Table 18, no significant differences were observed. The ANCOVA test showed a 
significant difference in the airflow resistance between circular and square bed 






Table 17. ANCOVA Results for Differences in Airflow Resistance among 2019 Samples 
of Zeus Hops in the Circular Bed Geometry 
Sample Sample t Value Pr > |t| 
1 2 1.82 0.07 
1 3 1.4 0.1628 
2 3 -0.42 0.6746 
Table 18. ANCOVA Results for Differences in Airflow Resistance among 2019 Samples 
of Zeus Hops in the Square Bed Geometry 
Sample Sample t Value Pr > |t| 
1 2 -0.51 0.6076 
1 3 -1.01 0.313 
2 3 -0.5 0.6193 
Table 19 ANCOVA for Differences in Airflow Resistance between Circular and Square 
Bed Geometries in 2019 Zeus Hops 
Geometry 1 Geometry 2 t Value Pr > |t| 
Circular Square 4.52 <.0001 
Because all three varieties showed significant difference between the circular and square 
bed geometries, those data were not aggregated to compare possible differences among 
varieties. The ANCOVA results assessing variety differences in air flow resistance within 
bed geometry are presented in Table 20 below. From these results, there were significant 
differences in the airflow resistance among the varieties for both circular and square bed 
geometries, except for the Chinook and Cluster hops in the square bed geometry.  
Table 20. ANCOVA for Differences in Airflow Resistance among Varieties within the 
Circular and Square Bed Geometries in 2019 Hops 
Geometry Variety 1 Variety 2 t Value Pr > |t| 
Circular Chinook Cluster -2.49 0.0136 
Circular Chinook Zeus -4.87 <.0001 
Circular Cluster Zeus -2.67 0.0083 
Square Chinook Cluster -1.18 0.2392 
Square Chinook Zeus -4.30 <.0001 
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The differences could be the result of several possibilities. Inconsistent hop packing 
within the bed due to obstruction caused by the structural supports for the pressure ports 
or from the corners in the square bed, material differences from edge boundary layer 
effects between PVC and plywood, or natural packing variance within the product are all 
possible explanations. Most of the observed data in pressure drop per depth for the three 
varieties were consistently clustered together in the same general region of a Shedd’s 
curve plot for the square bed geometry as shown in Figure 19, and the circular bed 
geometry as shown in Figure 20. While significant differences in pressure drop per depth 
may be present among the varieties as well as between the circular and square bed 
geometries, these differences are unlikely to have a large impact on selection of the fan 
for a drier. Additionally, natural variation that would develop as the crop would dry 
would likely impact the overall airflow resistance much more than the observed 
differences due to variety and bed geometry.  
The collected 2018 and 2019 hop data (including data from both square and circular bed 
geometries) in comparison to common agricultural products is presented in Figure 21. 
The data collected from the 2019 harvest still shows on the graph to the left of the data 
collected from the 2018 harvest indicating less airflow resistance. The data collected 
from the 2018 harvest shows on the graph to the left of the equation developed by Bailey. 
The clear separation between the outlying 2019 Chinook sample (Figure 16), and the 
general regions of Shedd’s curve plot for the 2019 data, the 2018 data, as well as the 
equation developed by Bailey (Figure 21), lead to the decisions to modify the airflow 





difference between 2018 data from wall-mounted static pressure ports and 2019 data with 
traverse-mounted static pressure ports, the 2020 system was constructed to use either of 
two columns.  One column had wall-mounted static pressure ports and the other column 
had midpoint-mounted static pressure ports. The columns were instrumented to measure 
pressure loss at a single location at each depth increment. The two columns were both 
built using a circular PVC pipe to minimize any variance caused by different cross-
section geometries. The additional treatment variable tested with the 2020 experiment 
was a comparison of updraft and downdraft airflow directions.  
2020 Results 
One concern from the 2019 tests was that to collect the data at the midpoint of the 
column, small PVC tubes were placed in each drying column to support the static 
pressure ports in the correct direction at each respective location. The PVC pipes could 
obstruct both airflow and proper packing of hops into the column during loading, which 
could result in resistance to airflow measurements not representative of industrial dryers. 
In particular the single outlier sample of resistance to airflow data for the 2019 Chinook 
variety was suspected to be the result of a large void space in the hops from improper 
flow of hops around the PVC pipes during loading into the column. Also, because all of 
the data from the 2018 and 2019 harvest were collected in an updraft airflow direction, 
the system was built to collect in both updraft and downdraft airflow directions to 
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Two columns were constructed to collect airflow resistance data from the 2020 harvest. 
Both columns allowed for at least 1.5 m of hop depth. One column used the same PVC 
pipes and elbow static pressure ports as the 2019 columns to mount a single port at the 
cross-section midpoint of each respective depth increment. The second column used 
elbow static pressure ports mounted in the wall of the drying column so there were no 
PVC pipes inside the drying column to cause any obstruction to airflow or flow of hops 
into the column during loading. The static pressure differential (static pressure inside the 
column relative to the static pressure of the ambient air outside the column) was 
measured at each respective 0.15 m depth increment. Additionally, two ductwork 
configurations were used (Figures 12 and 13) to obtain either the updraft or downdraft 
airflow directions. More pieces of felt cloth were used to throttle the fan to an airflow 
velocity that was at the low end of the hot wire anemometer measurement range.  
The resulting experimental plan had the following independent variables: 3 hop varieties 
(Chinook, Tahoma, Triple Pearl), 2 columns (static pressure port locations at the 
midpoint of the circular cross-section in one column, and at the wall for the other), 2 
airflow directions (updraft and downdraft), and 4 levels of fan throttling (0, 2, 4, and 6 
layers of felt cloth covering the fan intake screen) to achieve multiple airflow rates.   
Statistical analyses were performed to examine possible differences in the airflow 
resistance due to variety, pressure port location (midpoint or wall), and airflow direction. 
The hop varieties, airflow directions and pressure port locations were the different 
treatment conditions. The order that each airflow direction and pressure port location 





airflow rates (throttling setting) were applied as a randomized blocks. The static pressure 
measurements at various depths were all sampled simultaneously within each experiment. 
The ANCOVA outputs for each of those three different types of treatments are presented 
in Tables 21-23. Any significant differences have been bolded in the tables. In Table 21, 
the only significant differences among varieties were observed with the downdraft 
airflow direction when the pressure port location was at the wall of the column. All three 
varieties had significantly different airflow resistance in this situation. While this could 
be a true effect due to varietal differences, because no other significant differences in 
airflow resistance among the varieties were observed, it was likely due to the significant 
difference caused by a downdraft airflow direction possibly contributing to settling or 
compression of the hops. To determine if varietal difference is a true effect, more data 
would need to be collected in subsequent seasons.  
Table 21. ANCOVA for Differences in Airflow Resistance by Variety in 2020 Hops 
Location Flow Variety 1 Variety 2 t Value Pr > |t| 
Midpoint Downdraft Chinook Tahoma 0.75 0.4549 
Midpoint Downdraft Chinook Triple Pearl 1.64 0.1019 
Midpoint Downdraft Tahoma Triple Pearl 0.9 0.3706 
Midpoint Updraft Chinook Tahoma -1.22 0.2226 
Midpoint Updraft Chinook Triple Pearl -0.33 0.7446 
Midpoint Updraft Tahoma Triple Pearl 0.78 0.4385 
Wall Downdraft Chinook Tahoma -2.65 0.0082 
Wall Downdraft Chinook Triple Pearl 5.97 <.0001 
Wall Downdraft Tahoma Triple Pearl 8.64 <.0001 
Wall Updraft Chinook Tahoma 0.58 0.564 
Wall Updraft Chinook Triple Pearl 0.45 0.6499 
Wall Updraft Tahoma Triple Pearl -0.1 0.9178 
From Table 22, significant differences in airflow resistance were observed between the 
pressure port locations for some of the variety and flow direction treatments. For all three 





was observed between the two pressure port locations. However, a significant difference 
in airflow resistance between the pressure port locations was only observed for the 
Chinook variety with an updraft airflow direction. As with the variety comparison in 
Table 21, the main effect observed in the data was likely the result of the downdraft 
airflow treatment.  
Table 22. ANCOVA for Differences in Airflow Resistance by Pressure Port Location in 
2020 Hops 
Variety Flow Location 1 Location 2 t Value Pr > |t| 
Chinook Downdraft Midpoint Wall -6.34 <.0001 
Chinook Updraft Midpoint Wall -2.11 0.035 
Tahoma Downdraft Midpoint Wall -9.7 <.0001 
Tahoma Updraft Midpoint Wall 0.05 0.9571 
Triple Pearl Downdraft Midpoint Wall -2.21 0.0277 
Triple Pearl Updraft Midpoint Wall -0.84 0.4025 
From the ANCOVA results in Table 23, there was a clear difference in airflow resistance 
with respect to airflow direction. For all three varieties (Chinook, Tahoma, Triple Pearl) 
and both pressure port locations (Midpoint, Wall), the differences in airflow resistance 
were highly statistically significant indicating increased airflow resistance in a downdraft 
direction. Therefore, the following analyses included a difference by airflow direction.  
Table 23. ANCOVA for Differences in Airflow Resistance by Airflow Direction in 2020 
Hops 
Variety Location Flow 1 Flow 2 t Value Pr > |t| 
Chinook Midpoint Downdraft Updraft 6.99 <.0001 
Chinook Wall Downdraft Updraft 12.94 <.0001 
Tahoma Midpoint Downdraft Updraft 4.26 <.0001 
Tahoma Wall Downdraft Updraft 14.5 <.0001 
Triple Pearl Midpoint Downdraft Updraft 4.13 <.0001 
Triple Pearl Wall Downdraft Updraft 5.73 <.0001 
The comparisons among combinations of airflow direction and pressure port location for 





exemplified by the downdraft data in Figure 23, there was some variation within the data 
for a pressure port location that would be anticipated as normal experimental variation. 
The variation within the updraft data, especially for the pressure ports located in the 
column wall (Figures 22 and 25), was more than would be anticipated as normal 
experimental variation. From Figures 22 and 23, the airflow resistance measured with 
pressure ports at the column wall was generally higher than the airflow resistance 
measured at the column midpoint for each bed depth. In the updraft airflow direction, this 
difference was less pronounced, which corresponds to the significance testing that was 
presented in Table 22 (magnitude of t value for downdraft airflow direction greater than 
for updraft in each variety). Because significant differences in airflow resistance were 
observed between the wall and midpoint pressure port locations, the midpoint data were 
not used for determining a and b airflow resistance coefficients in subsequent Shedd’s 
curve analysis. The airflow resistance measurement at the column midpoint could be 
causing an under-estimate in the true airflow resistance due to the PVC pipes supporting 
the midpoint pressure ports creating a small obstruction to airflow within the bed, or 
improper flow of hops around the PVC pipes during loading creating voids in the 
column. Additionally, any industrial dryers do not include obstructions within the hop 
bed making the data collected from the column wall more reflective of applications in 
industry.  
In Figures 24 and 25, a clear difference in airflow resistance was observed between the 
downdraft flow direction and the updraft flow direction for both locations of pressure 





This observation, in conjunction with the ANCOVA in Table 23, leads to the conclusion 
that the airflow resistance of hops is significantly different depending upon the direction 
of airflow. The downdraft airflow is likely increasing the airflow resistance by 
compacting the hops, while the updraft airflow is fluidizing or fluffing the hops reducing 
the overall airflow resistance. Therefore, a and b airflow resistance coefficients should be 
calculated separately for updraft and downdraft airflow directions. Figure 26 presents all 
airflow resistance data from 2018-2020 with common agricultural products.  
The 2018 data, which was collected using wall elbow taps with updraft airflow direction, 
is located in the same general region of Figure 26 as the midpoint downdraft and densest 
grouping of wall updraft data from the 2020 samples. The 2019 data were all collected 
using traverse networks (obstructions) and updraft airflow which overlaps the same 
general region as the midpoint updraft data collected from the 2020 harvest. The 2020 
data collected with static pressure ports mounted at the wall and downdraft airflow is in 
the same general region of Figure 26 as the Bailey equation.  
Although there were significant differences in airflow resistance among the hop varieties 
in some situations, the calculated a and b coefficients for use in equation 4 should be 
considered for use with any hop variety at initial harvest moisture content. As the hops 
dry, it would be expected that overall airflow resistance would decrease. Depending upon 
the airflow per bed area in the drying system design, as the hops dry the user might 
require some means of reducing the airflow rate to avoid the creation of blowholes 








Figure 22. 2020 Airflow Resistance by Pressure Port Location for All Hop Varieties in Updraft Airflow Direction 
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Figure 23. 2020 Airflow Resistance by Pressure Port Location for All Hop Varieties in Downdraft Airflow Direction 
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Figure 24. 2020 Airflow Resistance by Airflow Direction for All Hop Varieties at the Midpoint Measurement Location 
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Figure 25. 2020 Airflow Resistance by Airflow Direction for All Hop Varieties at the Wall Measurement Location 
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Figure 26. All Hop Data from 2018-2020 Compared with Various Agricultural Products 
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Appropriate a and b airflow resistance coefficients were determined using root mean 
squared error analysis for both updraft and downdraft airflow directions using the wall-
mounted static pressure ports. Plots of the Shedd’s curves and subsequent a and b 
coefficient values are presented in Figures 27-31. The best a and b coefficients were 
determined using the solver function in Excel to calculate the minimum root mean square 
error and maximum r2 value for the given data set with each airflow direction. With the 
updraft airflow direction, the airflow resistance measured using wall-mounted pressure 












 In downdraft airflow direction the a and b coefficients for the combined data from all 
three varieties were determined to be 2,330 Pa·s2/m3 and 4.66 s/m, respectively, which 
resulted in an r2 of 0.55. However, because in the downdraft airflow direction each of the 
three hop varieties had significantly different airflow resistance, a and b coefficients were 
also determined for each variety in Table 24. Additional figures for the three individual 
varieties and the overall dataset are presented in Figures 28-31. While the Shedd’s curve 
model was improved when determined for each hop variety individually, it would be 
impractical for a hop producer to have separate fans for each variety. Therefore, using the 
a and b airflow coefficients obtained from the combined data for all varieties would be 
recommended for implementation in fan selection.  
While the differences in airflow resistance between different flow directions and 





presenting as a fluidized bed due to the small bed depth characteristics. In downdraft 
airflow orientation, the air pressure may compress the hops more than natural packing, 
causing an overall increase in the airflow resistance. Conversely, in updraft airflow 
orientation, the airflow likely fluidizes the hops, thereby decreasing the overall airflow 
resistance. From Figure 32, the updraft and downdraft models using the a and b 
coefficients will eventually converge at sufficiently small airflow velocities where the 
lifting or compressing effects of the air fluid would be less pronounced. The lifting or 
compressing effects are likely to increase as the hops dry.  
Table 24. A and b coefficients for Chinook, Tahoma and Triple Pearl Hops in the 








Chinook 13,900 288 0.782 
Tahoma 23,200 2,690 0.76 
Triple Pearl 7,310 288 0.945 
Despite this limitation, the air velocities used in these experiments were within the range 
of air velocities typically used in hop drying (especially at initial harvest conditions). It 
would therefore be important that the grower pay particular attention to the airflow 
conditions through the bed as the hops dry in either airflow orientation. In a single bed 
system, it would be important that the airflow velocity be adjustable (depending upon the 
airflow rate chosen in a design) to prevent blowholes or blowouts from occurring. This 
effect should be less pronounced in tiered drying systems where static pressure is likely 
to be more consistent due to the cycling of fresh hops into the dryer at regular time 
intervals. Recall a tiered drying system is one where fresh material is added in layers at 
the top and cycled downward at fixed time intervals, while the dried hops in the bottom 








Figure 27. Plot of the Shedd’s Curve for Hops in Updraft Airflow Orientation Using Determined a and b coefficients 
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Figure 28. Plot of the Shedd’s Curve for Chinook Hops in Downdraft Airflow Orientation Using Determined a and b coefficients 
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Figure 29. Plot of the Shedd’s Curve for Tahoma Hops in Downdraft Airflow Orientation Using Determined a and b coefficients 
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Figure 30. Plot of the Shedd’s Curve for Triple Pearl Hops in Downdraft Airflow Orientation Using Determined a and b coefficients 
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Figure 31. Plot of the Shedd’s Curve for Hops in Downdraft Airflow Orientation Using Determined a and b coefficients 
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Figure 32. Plot of the Shedd’s Curves for Hops in Both Updraft and Downdraft Airflow Orientations Using Determined a and b 
coefficients with Common Agricultural Products
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Hop Drying Rates Analysis 
The rate of drying analysis was performed using equations 5 and 6 as described in the 
materials and methods section. A comparison of all drying rates for each variety and 
drying air temperature from the 2020 harvest are shown in Figure 33. Rate of drying data 
were not collected from the 2018 and 2019 harvests. The individual figures for both the 
rate of drying as well as the moisture change are available in Appendix B. In each of the 
following figures, samples 1 and 2 refer to samples that were placed in large perforated 
aluminum pans (25.4 cm x 38.1 cm) while samples 3-5 refer to samples placed in small 
(7.62 cm diameter) solid aluminum drying pans. For the perforated aluminum pans, 
approximately 34 grams of hops were used for each sample. For the small solid 
aluminum pans, approximately 2.5 grams of hops were used for each sample. This 
resulted in each of the drying pans containing only a single layer of cones. Humidity data 
were not recorded in the incubator oven for each experiment during the drying cycle. 
Despite these limitations the following figures provide insight into the drying rates of the 
three hop varieties at different temperatures. The initial wet basis moisture content for 
each 2020 variety was stated previously in Table 8. The final wet basis moisture content 
was different for each hop variety and drying air temperature combination and is shown 
in Table 25.  
The chronological order of results presented in each drying rate graph in Figure 33 is 
from right to left as drying begins with the hops at high moisture content (right side of 
graph) and proceeds to low moisture contents (left side of graph). The drying rate (y axis) 




the drying rate are material dependent. A zero slope at the beginning of the drying cycle 
indicates a constant rate period with free available moisture. A positive slope, indicates a 
falling rate period as moisture must move from the internal portion of the cone (strig, 
bracteoles) to the external portion (bracts).   
Table 25. 2020 Wet Basis MC of Hops before and after Drying (Average Value ± 










Chinook 37.8 12 77.8% ± 0.94% 20.6% ± 1.21% 
Chinook 48.9 8 77.8% ± 0.94% 17.0% ± 3.77% 
Chinook 60.0 3.5 77.8% ± 0.94% 23.6% ± 5.71% 
Tahoma 37.8 12 74.6% ± 1.52% 22.1% ± 3.59% 
Tahoma 48.9 8 74.6% ± 1.52% 6.0% ± 2.32% 
Tahoma 60.0 3.5 74.6% ± 1.52% 8.3% ± 3.38% 
Triple Pearl 37.8 12 75.6% ± 0.47% 14.1% ± 1.29% 
Triple Pearl 48.9 8 75.6% ± 0.47% 12.3% ± 4.24% 
Triple Pearl 60.0 3.5 75.6% ± 0.47% 8.3% ± 1.99% 
At each respective drying temperature, each variety showed approximately the same 
available moisture (x axis) per Figure 33. This is to be expected as the mass of hops used 
in each sample for each variety and each drying temperature was approximately the same, 
and the initial moisture content of the samples was also approximately the same. The 
time to dry each hop variety was applied consistently to each variety for each respective 
drying air temperature. Therefore, within each drying air temperature treatment, the three 
hop varieties experienced roughly the same time/temperature history. Despite the drying 
air temperature and drying time being held constant across the three varieties within each 
drying air temperature treatment level, the final (dried) moisture content (Table 25) 
among the hop varieties, and to a lesser extent, even within each variety, changed more 

































    
Figure 33. Summary of Rate of Drying Figures (x axis are all moisture ratios (kg H2O/kg dry matter) and y axis are drying rates (kg 
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The variance in final moisture content can be explained looking at the rate of drying 
graphs combined with the average cone sizing. Despite the Tahoma variety presenting 
similar falling rate periods to the Chinook variety, the Tahoma samples at 48.9 °C and 
60.0 °C were dried to the desired final moisture content (5-10% MC). However, the 
Chinook samples all required more drying time to reach the desired final moisture 
content (5-10% MC). The Chinook and Triple Pearl cones were approximately the same 
size whereas the Tahoma cones were much smaller. Because the Tahoma cones were 
much smaller, more total cones were placed onto each drying sample pan because the 
same approximate mass was used in each sample. More total cones likely resulted in 
more total net exposed surface area for each Tahoma sample. 
For samples 1 and 2 at all three drying air temperatures for Triple Pearl, the drying rate 
was observed to be constant at the beginning of the drying cycle.  Samples 3-5 for Triple 
Pearl only show evidence of a constant initial drying rate with the 37.8 °C drying air 
temperature. Comparatively the drying rate for the Chinook variety appeared to be 
decreasing at a constant rate throughout the drying cycle. 
During the drying tests Triple Pearl appeared to dry faster than the other two varieties. As 
was discussed in the background section, Burgess observed a feathering effect occurring 
when the hops reached approximately 35% MC. The Triple Pearl variety was observed to 
open its bracts (feathering) before than the Chinook variety, thereby increasing the 






in more detail it is a possible explanation for the higher rate of drying for Triple Pearl in 
comparison to Chinook, along with the lower final moisture content.  
Overall the total exposed surface area of each cone likely explains the rate of drying of 
each hop variety. The observations that the rate of drying could be dependent on variety 
and cone size and the moisture content at onset of feathering could lead to potential 
modifications in future hop drying. Multi-stage drying could be considered to dry each 
part (bracts, bracteoles, and strig) of the hop cones using different control settings 
(airflow rate through the bed, drying air temperature, air humidity). If the cone is dried 
too rapidly, the structural integrity of the cone can begin to fail and lead to significant 
loss of lupulin in the final product. Modifying the drying rate through changes to drying 
air temperatures, airflow rates, or air humidity at each stage of the drying process could 
minimize losses to the physical integrity of the hop cone. Further research is needed to 
evaluate these ideas.  
Hop Essential Oils Analysis 
2018 Hops Essential Oils 
The hops from the 2018 harvest were all dried using either ambient air (22.5 °C) or the 
40.6 °C walk in drying room. All experiments were performed using the setup as 
described in ASBC Hops-13 method and 100 to 300 grams of hops depending upon hop 
variety. Data from the 2018 harvest are presented in Table 26 below. The moisture 
content of the hops prior to steam distillation was not recorded during the 2018 analysis. 






2018 essential oils analysis resulted in two revisions for the 2019 and 2020 essential oils 
research.  
Table 26. 2018 Hops Total Essential Oils (Average Value ± Standard Deviation) 
Collected by Steam Distillation 
Hop Variety Site 
Drying Temp 
(°C) 
Total Essential Oils 
(mL/100 g Total Matter) 
Chinook UNL Campus 22.5 1.0 ± 0.09 
Chinook UNL Campus 40.6 1.1 ± 0.15 
Chinook Sutton 22.5 0.4 ± 0.08 
Cluster Scottsbluff 22.5 0.9 ± 0.11 
Columbia Scottsbluff 22.5 1.4 ± 0.13 
Crystal Scottsbluff 21.1 2.0 ± 0.10 
Crystal Scottsbluff 40.6 2.1 ± 0.24 
Zeus UNL Campus 22.5 1.4 ± 0.20 
 
ASBC Hops-13 method recommended using between 300-400 grams of dried whole hop 
cones for each distillation. However, some hop varieties had high essential oil content 
(>2 mL/100 grams) exceeding the capacity of the 5 mL distillation receiver. During these 
distillations of the high essential oil content samples, collection was paused to empty the 
distillation receiver before collection was resumed, which could potentially have 
introduced some error in the measurement of total essential oils. To avoid this problem, 
an initial sample was tested in subsequent years to determine an initial estimate of the 
amount of dried hops to be used for each distillation.  
Another potential source of error was inconsistency in the amount of hop dry matter for 
each distillation. The method states that 300 to 400 gram of hops should be used for each 
steam distillation sample. This mass is not specified to be either dry or wet weight. For 






grams), was set aside to perform moisture analysis per ASBC Hops-4 method. Each total 
oil measurement was then corrected to a basis of 100 g of dry matter.  
2019 Hops Total Essential Oils 
All essential oil samples tested from the 2019 harvest were corrected to mL/100 g dry 
matter. All of the samples were collected over 2 different harvest dates from the UNL 
East Campus hop research plots. The varieties used for research included Chinook, 
Cluster, and Zeus. The hops were dried using temperatures of:  ambient indoor air (22.5 
°C), 37.8 °C, 48.9 °C or 60 °C. The total essential oils were extracted using steam 
distillation as described previously. The 2019 total essential oils results are presented in 
Table 27 and plotted in Figure 34.  
Table 27. 2019 Hops Total Essential Oils (Average Value ± Standard Deviation) 





Total Essential Oils 
(mL/100 g Dry 
Matter) 
Cluster 22.5 0.68 ± 0.09 
Cluster 37.8 0.55 ± 0.06 
Cluster 48.9 0.52 ± 0.03 
Cluster 60 0.47 ± 0.03 
Chinook 22.5 1.94 ± 0.07 
Chinook 37.8 1.85 ± 0.08 
Chinook 48.9 1.79 ± 0.09 
Chinook 60 1.61 ± 0.30 
Zeus 22.5 3.34 ± 0.28 
Zeus 37.8 3.09 ± 0.38 
Zeus 48.9 2.65 ± 0.45 
Zeus 60 2.59 ± 0.33 
 
From Figure 34, for the total essential oils of each respective hop variety there was a high 






hop dry matter to drying temperature. This trend for all three varieties shows a clear 
negative linear slope resulting in the conclusion that the total essential oils decreased as 
drying temperature increased. This observed trend is consistent with previous research 
done by Burgess for alpha and beta acids.7  
The ANOVA type III tests of fixed effects showed there was significant interaction in the 
effect of hop varieties and drying temperature on the total essential oils among the 2019 
hops.  Tables 28-30 show the ANOVA results for each 2019 hop variety comparing the 
total essential oils at each respective drying temperature. The comparisons that resulted in 
a statistically significant (p < 0.05) differences have been bolded in each respective table.  
For both Chinook and Zeus varieties, there was a significant difference in total essential 
oils between the maximum drying temperature (60 °C) and the ambient temperature (22.5 
°C). Several of the intermediate Zeus drying temperature comparisons also had 
significant differences in total essential oils, as could be expected since the slope for the 
Zeus total essential oils vs. drying temperature line was more than double the slope for 
the other two varieties. None of the Cluster drying temperature comparisons showed a 
significant difference in total essential oils as the slope for this line was the smallest of 









Table 28. ANOVA of 2019 Chinook Total Essential Oils for Each Drying Temperature. 
(Comparisons with significant differences are in bold text.) 
Drying Temp 1 
(°C) 







g Dry Matter) 
DF t Value Pr > |t| 
60 22.5 -0.3229 0.1215 68 -2.66 0.0098 
60 37.8 -0.2331 0.1215 68 -1.92 0.0593 
60 48.9 -0.1479 0.1274 68 -1.16 0.2497 
22.5 37.8 0.08982 0.1318 68 0.68 0.498 
22.5 48.9 0.1751 0.1372 68 1.28 0.2064 
37.8 48.9 0.08524 0.1372 68 0.62 0.5366 
 
Table 29. ANOVA of 2019 Cluster Total Essential Oils for Each Drying Temperature. 








(mL/100 g Dry 
Matter) 
Standard Error 
(mL/100 g Dry 
Matter) 
DF t Value Pr > |t| 
60 22.5 -0.2076 0.1494 68 -1.39 0.169 
60 37.8 -0.08165 0.1494 68 -0.55 0.5864 
60 48.9 -0.05307 0.1424 68 -0.37 0.7105 
22.5 37.8 0.126 0.156 68 0.81 0.4221 
22.5 48.9 0.1546 0.1494 68 1.03 0.3044 
37.8 48.9 0.02857 0.1494 68 0.19 0.8489 
 
Table 30. ANOVA of 2019 Zeus Total Essential Oils for Each Drying Temperature. 








(mL/100 g Dry 
Matter) 
Standard Error 
(mL/100 g Dry 
Matter) 
DF t Value Pr > |t| 
60 22.5 -0.7481 0.1332 68 -5.62 <.0001 
60 37.8 -0.5043 0.1372 68 -3.68 0.0005 
60 48.9 -0.06008 0.1372 68 -0.44 0.6629 
22.5 37.8 0.2438 0.1277 68 1.91 0.0604 
22.5 48.9 0.688 0.1277 68 5.39 <.0001 









Figure 34. 2019 All Hop Varieties Total Essential Oils Collected by Steam Distillation at Each Drying Temperature 
2019 Chinook
y = -0.0087x + 2.157
R² = 0.9555
2019 Cluster
y = -0.0053x + 0.7797
R² = 0.9567
2019 Zeus




































2019 Chinook 2019 Cluster 2019 Zeus





2019 GC/MS Analysis 
Several training samples were procured to identify appropriate GC peaks for the analysis 
of hop essential oils. The main components of most hop essential oils include myrcene, 
humulene, and caryophyllene. The data in Tables 31-33 presents the percentage of each 
essential oil component in the overall composition that was identified by the GC is 
presented in Tables 31-33. The data are tabulated for each hop variety and drying 
temperature for the 2019 hops harvest.  
There do not appear to be any consistent trends overall in the data. While some varieties 
showed a change in the percentage of a specific essential oil as drying air temperature 
increased, that shift was not consistent across all varieties. For example, with 2019 
Cluster hops, the myrcene percentage increased while the humulene percentage decreased 
as the drying air temperature increased. However, for the other 2 varieties the relative 
percentage of myrcene and humulene did not follow a consistent trend with respect to the 
drying temperature. Assuming that the volatilization is based on the volatility of a 
particular essential oil, it would be expected that specific oils would decrease in relative 
concentration independent of variety.  
ANOVA tests were performed to investigate significant differences among the different 
drying temperatures for each specific essential oil and each hop variety. Several 
significant differences were identified among various essential oils. However, the lack of 
consistent trends within specific essential oils and across varieties, as described in the 
previous paragraph, is still present when drawing conclusions about potential true 





Table 31. Percentage (Average Value ± Standard Deviation) of Each Oil Identified in the 
Total Essential Oils Samples from the 2019 Harvest of Chinook Hops Dried with Air at 
Each of the 4 Drying Temperatures 
2019 Chinook Drying Temperature 
Oil Compound (%) 22.5 °C 37.8 °C 48.9 °C 60.0 °C 
α-phellandrene 0 0 0 0 
2-Methylbutyl Isovalerate 0.26 ± 0.02 0.24 ± 0.02 0.23 ± 0.02 0.24 ± 0.06 
Caryophyllene 7.12 ± 0.53 6.98 ± 0.70 7.57 ± 0.40 7.21 ± 1.38 
Myrcene 49.94 ± 3.33 51.06 ± 4.10 46.54 ± 2.92 49.81 ± 9.69 
Citronellol 0 0 0 0 
Geraniol 0.70 ± 0.02 0.54 ± 0.06 0.58 ± 0.03 0.56 ± 0.11 
Ocimene 0.08 ± 0.04 0.06 ± 0.05 0.08 ± 0.04 0.07 ± 0.03 
Nerol 2.13 ± 0.26 2.20 ± 0.29 2.44 ± 0.17 2.22 ± 0.68 
Methyl Octanoate 0.25 ± 0.02 0.20 ± 0.02 0.18 ± 0.02 0.19 ± 0.03 
Methyl Heptanoate 0.18 ± 0.01 0.15 ± 0.02 0.14 ± 0.01 0.12 ± 0.05 
Methyl Decanoate 0.18 ± 0.01 0.14 ± 0.06 0.16 ± 0.02 0.15 ± 0.05 
Linalool 0.36 ± 0.04 0.32 ± 0.02 0.31 ± 0.01 0.34 ± 0.04 
Limonene 0.29 ± 0.04 0.29 ± 0.02 0.26 ± 0.01 0.28 ± 0.06 
Isobutyl Butyrate 0.17 ± 0.01 0.15 ± 0.02 0.14 ± 0.01 0.12 ± 0.06 
Geranyl Propionate 0.15 ± 0.06 0.13 ± 0.06 0.17 ± 0.02 0.15 ± 0.08 
Geranyl Isobutyrate 0.32 ± 0.03 0.32 ± 0.04 0.36 ± 0.05 0.31 ± 0.11 
Geranyl Acetate 0 0 0 0 
α-Pinene 0.21 ± 0.06 0.18 ± 0.03 0.17 ± 0.04 0.18 ± 0.09 
α-Humulene 16.98 ± 1.49 16.74 ± 1.73 18.64 ± 1.09 17.27 ± 4.18 
Total % Identified 79.31 79.69 77.97 79.22 













Table 32. Percentage (Average Value ± Standard Deviation) of Each Oil Identified in the 
Total Essential Oils Samples from the 2019 Harvest of Cluster Hops Dried with Air at 
Each of the 4 Drying Temperatures 
2019 Cluster Drying Temperature 
Oil Compound (%) 22.5 °C 37.8 °C 48.9 °C 60.0 °C 
α-phellandrene 0 0 0 0 
2-Methylbutyl Isovalerate 0.10 ± 0.08 0.17 ± 0.01 0.18 ± 0.02 0.18 ± 0.00 
Caryophyllene 6.07 ± 0.82 6.37 ± 0.70 7.00 ± 0.34 7.03 ± 0.21 
Myrcene 63.29 ± 5.53 59.23 ± 6.01 54.45 ± 2.26 53.08 ± 2.15 
Citronellol 0 0 0 0 
Geraniol 0.26 ± 0.03 0.34 ± 0.09 0.34 ± 0.09 0.27 ± 0.03 
Ocimene 0.23 ± 0.03 0.28 ± 0.12 0.28 ± 0.02 0.27 ± 0.02 
Nerol 0.56 ± 0.15 0.55 ± 0.08 0.50 ± 0.04 0.45 ± 0.03 
Methyl Octanoate 0.28 ± 0.02 0.38 ± 0.06 0.42 ± 0.04 0.42 ± 0.02 
Methyl Heptanoate 0.09 ± 0.08 0.18 ± 0.03 0.19 ± 0.02 0.19 ± 0.01 
Methyl Decanoate 0.25 ± 0.03 0.34 ± 0.07 0.41 ± 0.04 0.43 ± 0.04 
Linalool 0.41 ± 0.03 0.35 ± 0.03 0.38 ± 0.14 0.33 ± 0.02 
Limonene 0.39 ± 0.03 0.40 ± 0.04 0.37 ± 0.03 0.37 ± 0.03 
Isobutyl Butyrate 0.10 ± 0.05 0.07 ± 0.06 0.10 ± 0.04 0.06 ± 0.05 
Geranyl Propionate 0.46 ± 0.13 0.47 ± 0.11 0.55 ± 0.04 0.56 ± 0.03 
Geranyl Isobutyrate 0.08 ± 0.04 0.07 ± 0.04 0.12 ± 0.01 0.12 ± 0.01 
Geranyl Acetate 0.30 ± 0.06 0.14 ± 0.11 0.08 ± 0.08 0.06 ± 0.09 
α-Pinene 0.19 ± 0.02 0.25 ± 0.13 0.18 ± 0.04 0.22 ± 0.05 
α-Humulene 14.83 ± 2.54 17.80 ± 3.26 20.66 ± 1.40 21.07 ± 1.32 
Total % Identified 87.91 87.37 86.22 85.12 


















Table 33. Percentage (Average Value ± Standard Deviation) of Each Oil Identified in the 
Total Essential Oils Samples from the 2019 Harvest of Zeus Hops Dried with Air at Each 
of the 4 Drying Temperatures 
2019 Zeus Drying Temperature 
Oil Compound (%) 22.5 °C 37.8 °C 48.9 °C 60.0 °C 
α-phellandrene 0 0 0 0 
2-Methylbutyl Isovalerate 0.10 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 0.12 ± 0.01 
Caryophyllene 4.91 ± 0.96 5.34 ± 0.23 4.19 ± 0.60 5.11 ± 0.65 
Myrcene 73.35 ± 5.49 71.23 ± 1.34 76.57 ± 3.87 72.69 ± 3.83 
Citronellol 0 0 0 0 
Geraniol 0.27 ± 0.08 0.38 ± 0.02 0.23 ± 0.07 0.24 ± 0.07 
Ocimene 0.10 ± 0.01 0.10 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 
Nerol 0.86 ± 0.29 1.12 ± 0.11 0.73 ± 0.21 0.90 ± 0.18 
Methyl Octanoate 0.07 ± 0.01 0.04 ± 0.02 0.05 ± 0.01 0.07 ± 0.01 
Methyl Heptanoate 0.08 ± 0.01 0.07 ± 0.00 0.08 ± 0.01 0.09 ± 0.01 
Methyl Decanoate 0 0 0 0 
Linalool 0.49 ± 0.03 0.52 ± 0.01 0.49 ± 0.02 0.52 ± 0.01 
Limonene 0.40 ± 0.03 0.45 ± 0.01 0.47 ± 0.02 0.47 ± 0.04 
Isobutyl Butyrate 0 0 0 0 
Geranyl Propionate 0.55 ± 0.18 0.56 ± 0.08 0.38 ± 0.11 0.55 ± 0.11 
Geranyl Isobutyrate 0.07 ± 0.03 0.07 ± 0.00 0.05 ± 0.02 0.07 ± 0.02 
Geranyl Acetate 0.71 ± 0.21 0.64 ± 0.04 0.53 ± 0.12 0.75 ± 0.12 
α-Pinene 0.24 ± 0.05 0.28 ± 0.05 0.30 ± 0.03 0.38 ± 0.08 
α-Humulene 7.56 ± 1.80 8.37 ± 0.56 6.29 ± 1.10 7.75 ± 1.22 
Total % Identified 89.76 89.24 90.57 89.81 
Total % Unidentified 10.24 10.76 9.43 10.19 
 
For example, in the 2019 Zeus hops a significant difference was detected in the 
Caryophyllene essential oil percentage between the 48.9 °C drying temperature and both 
the 37.8 °C and 60.0 °C drying temperatures. Had the trend been consistent in either 
direction (increasing or decreasing percentage of the total essential oil with increasing 
drying temperature), then the significant differences would warrant further investigation. 
Most detected significant differences among the drying temperatures for specific oils 





There are a couple of exceptions for Chinook. The percentage of Geraniol at 22.5 °C was 
significantly different from the other three drying temperatures. The percentage of 
Isobutyl butyrate was significantly different between 22.5 °C and 60.0 °C with a 
continuous negative trend. For Zeus, the percentage of limonene at 22.5 °C was 
significantly different from the other three air drying temperatures. Also, α-pinene was 
significantly different between a few drying temperatures including 22.5 °C and 60.0 °C 
with a continuous positive trend.  
For Cluster, there were more significant difference with trends observed. The percentage 
of Caryophyllene was significantly different between 22.5 °C and 60.0 °C with a 
continuous positive trend. The percentage of Myrcene had several significant differences 
with a continuous negative trend. The percentage of Methyl octanoate had several 
significant differences with a continuous positive trend. The percentage of Methyl 
decanoate was significantly different at all levels except between 48.9 °C and 60.0 °C 
with a positive trend. The percentage of Geranyl acetate was significantly different 
between 22.5 °C and the other three drying temperatures with a negative trend. Lastly, 
the percentage of α-humulene was significantly different between all drying temperatures 
except 48.9 °C and 60.0 °C. 
2020 Hops Essential Oils 
The 2020 hops total essential oils analysis followed the same process as described for the 
2019 harvest. The data and plot of the total essential oils extraction at each respective air 
drying temperature are presented below in Table 34 and Figure 35. The total essential oils 





continuous negative linear trend with high r2 value was observed for the relationship 
between total essential oils and drying temperature. The ANOVA type III tests of fixed 
effects showed there was significant interaction in the effect of hop varieties and drying 
temperature on the total essential oils among in the 2020 hops.  The ANOVA analyses in 
Tables 35-37 show that there were significant differences in total essential oils content 
between the maximum and minimum hop drying temperatures for all three 2020 hop 
varieties. Significant differences in total essential oils content were also observed 
between the 48.9 °C and 22.5 °C drying air temperatures for the Triple Pearl variety. The 
magnitudes of decrease in total essential oils that corresponded to an increase in drying 
temperature from 22.5 °C to 60 °C were 11.7% for Triple Pearl (from 2.06 to 1.82 
mL/100 g of dry matter), 13.9% for Chinook (from 1.94 to 1.67 mL/100 g of dry matter), 
and 12.6% for Tahoma (from 1.98 to 1.73 mL/100 g of dry matter). The reduction in total 
essential oils from drying at 60 °C rather than 22.5 °C averaged 12.7%.  The reduction in 
total essential oils from drying at 60 °C rather than 22.5 °C for Chinook compared well 
between 2019 (from 1.94 to 1.61 mL/100 g of dry matter) and 2020 (from 1.94 to 1.67 
mL/100 g of dry matter). These results in addition to the linear regression values for each 
of the three hop varieties, as well as the 2019 essential oils analysis, leads to the 








Table 34. 2020 Hops Total Essential Oils (Average Value ± Standard Deviation) 





Total Essential Oils 
(mL/100 g Dry Matter) 
Chinook 22.5 1.94 ± 0.09 
Chinook 37.8 1.82 ± 0.12 
Chinook 48.9 1.78 ± 0.09 
Chinook 60 1.67 ± 0.24 
Tahoma 22.5 1.98 ± 0.07 
Tahoma 37.8 1.83 ± 0.07 
Tahoma 48.9 1.81 ± 0.09 
Tahoma 60 1.73 ± 0.04 
Triple Pearl 22.5 2.06 ± 0.23 
Triple Pearl 37.8 2.01 ± 0.11 
Triple Pearl 48.9 1.87 ± 0.16 
Triple Pearl 60 1.82 ± 0.11 
Table 35. ANOVA of 2020 Chinook Total Essential Oils for Each Drying Temperature. 
(Comparisons with significant differences are in bold text.) 
Drying Temp 1 
(°C) 







g Dry Matter) 
DF t Value Pr > |t| 
60 22.5 -0.2658 0.0756 56 -3.52 0.0009 
60 37.8 -0.1487 0.0756 56 -1.97 0.0541 
60 48.9 -0.1105 0.0756 56 -1.46 0.1495 
22.5 37.8 0.1171 0.07846 56 1.49 0.1412 
22.5 48.9 0.1553 0.07846 56 1.98 0.0526 
37.8 48.9 0.03826 0.07846 56 0.49 0.6277 
Table 36. ANOVA of 2020 Tahoma Total Essential Oils for Each Drying Temperature. 
(Comparisons with significant differences are in bold text.) 
Drying Temp 1 
(°C) 





DF t Value Pr > |t| 
60 22.5 -0.2475 0.08772 56 -2.82 0.0066 
60 37.8 -0.1001 0.07846 56 -1.28 0.2073 
60 48.9 -0.0778 0.07846 56 -0.99 0.3258 
22.5 37.8 0.1474 0.08772 56 1.68 0.0983 
22.5 48.9 0.1698 0.08772 56 1.94 0.058 







Table 37. ANOVA of 2020 Triple Pearl Total Essential Oils for Each Drying 
Temperature. (Comparisons with significant differences are in bold text.) 
Drying Temp 1 
(°C) 





DF t Value Pr > |t| 
60 22.5 -0.2478 0.08595 56 -2.88 0.0056 
60 37.8 -0.1903 0.08595 56 -2.21 0.0309 
60 48.9 -0.0488 0.08229 56 -0.59 0.5552 
22.5 37.8 0.05756 0.08595 56 0.67 0.5058 
22.5 48.9 0.199 0.08229 56 2.42 0.0189 
37.8 48.9 0.1414 0.08229 56 1.72 0.0912 
2020 GC/MS Analysis 
The composition of essential oils that were determined from GC analysis for 2020 hops 
harvest are presented in Tables 38–40. The same observations that were identified from 
the 2019 data occurred in the 2020 data. Considering myrcene again, for the Chinook 
variety, myrcene decreased in the percentage of the composition but it increased as a 
percentage for the Tahoma variety as the drying temperature increased. For most of the 
essential oil compounds no observable trend was identified with a few exceptions. For the 
Chinook variety the percentage of geraniol at 22.5 °C was significantly different from the 
other three air drying temperatures. For both Tahoma and Triple Pearl, no significant 
differences were observed with consistent trends in the data.  
Clearly from the data and analysis the total essential oils decrease with increasing air 
temperature. The results of the GC analysis are inconclusive with only the Cluster variety 
exhibiting clear significant trends. However, since none of the same trends were observed 
in other varieties, no conclusion can be made that specific essential oils volatilize more 
than others with respect to drying air temperatures. It is likely that if the oils were freely 
exposed, then specific oils would be identified to volatilize more than others relative to 









Figure 35. 2020 All Hop Varieties Total Essential Oils Collected by Steam Distillation at Each Drying Temperature
2020 Chinook
y = -0.0062x + 2.0685
R² = 0.9763
2020 Tahoma
y = -0.0063x + 2.108
R² = 0.9635
2020 Triple Pearl
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Table 38. Percentage (Average Value ± Standard Deviation)  of Each Oil Identified in the 
Total Essential Oils Samples from the 2020 Harvest of Chinook Hops Dried with Air at 
Each of the 4 Drying Air Temperatures 
2020 Chinook Drying Temperature 
Oil Compound (%) 22.5 °C 37.8 °C 48.9 °C 60.0 °C 
α-phellandrene 0 0 0 0 
2-Methylbutyl Isovalerate 0.32 ± 0.00 0.33 ± 0.01 0.31 ± 0.02 0.32 ± 0.01 
Caryophyllene 7.05 ± 0.16 7.21 ± 0.26 7.70 ± 0.41 7.48 ± 0.36 
Myrcene 50.85 ± 0.98 50.02 ± 2.10 46.81 ± 1.98 46.95 ± 0.98 
Citronellol 0 0 0 0 
Geraniol 0.42 ± 0.02 0.48 ± 0.04 0.49 ± 0.02 0.51 ± 0.01 
Ocimene 0.07 ± 0.05 0.11 ± 0.01 0.07 ± 0.05 0.05 ± 0.05 
Nerol 2.17 ± 0.07 2.15 ± 0.16 2.40 ± 0.16 2.29 ± 0.13 
Methyl Octanoate 0.23 ± 0.00 0.23 ± 0.01 0.22 ± 0.01 0.22 ± 0.01 
Methyl Heptanoate 0.17 ± 0.01 0.17 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 
Methyl Decanoate 0.17 ± 0.01 0.18 ± 0.01 0.18 ± 0.01 0.18 ± 0.00 
Linalool 0.28 ± 0.00 0.29 ± 0.01 0.27 ± 0.01 0.28 ± 0.01 
Limonene 0.26 ± 0.01 0.27 ± 0.02 0.26 ± 0.02 0.26 ± 0.01 
Isobutyl Butyrate 0.11 ± 0.01 0.10 ± 0.01 0.09 ± 0.03 0.09 ± 0.01 
Geranyl Propionate 0 0 0 0 
Geranyl Isobutyrate 0.35 ± 0.01 0.36 ± 0.04 0.39 ± 0.02 0.40 ± 0.01 
Geranyl Acetate 0 0 0 0 
α-Pinene 0.16 ± 0.02 0.15 ± 0.03 0.13 ± 0.02 0.15 ± 0.02 
α-Humulene 16.87 ± 0.45 17.34 ± 0.69 18.57 ± 0.87 18.26 ± 0.63 
Total % Identified 79.48 79.40 78.02 77.60 










Table 39. Percentage (Average Value ± Standard Deviation) of Each Oil Identified in the 
Total Essential Oils Samples from the 2020 Harvest of Tahoma Hops Dried with Air at 
Each of the 4 Drying Air Temperatures 
2020 Tahoma Drying Temperature 
Oil Compound (%) 22.5 °C 37.8 °C 48.9 °C 60.0 °C 
α-phellandrene 0 0 0 0 
2-Methylbutyl Isovalerate 0 0 0 0 
Caryophyllene 2.22 ± 0.22 2.00 ± 0.20 2.03 ± 0.25 1.97 ± 0.23 
Myrcene 77.32 ± 2.29 78.75 ± 2.01 78.78 ± 2.34 79.20 ± 2.35 
Citronellol 0.68 ± 0.40 0.68 ± 0.31 0.86 ± 0.14 0.70 ± 0.34 
Geraniol 0 0 0 0 
Ocimene 1.01 ± 0.01 1.03 ± 0.02 1.03 ± 0.02 1.03 ± 0.02 
Nerol 0.12 ± 0.02 0.11 ± 0.02 0.11 ± 0.02 0.11 ± 0.02 
Methyl Octanoate 0.36 ± 0.01 0.38 ± 0.01 0.38 ± 0.01 0.38 ± 0.01 
Methyl Heptanoate 0.36 ± 0.01 0.38 ± 0.01 0.38 ± 0.01 0.38 ± 0.01 
Methyl Decanoate 0.25 ± 0.02 0.25 ± 0.01 0.25 ± 0.02 0.24 ± 0.03 
Linalool 0.43 ± 0.01 0.46 ± 0.01 0.46 ± 0.01 0.46 ± 0.02 
Limonene 0.28 ± 0.01 0.28 ± 0.00 0.28 ± 0.01 0.28 ± 0.00 
Isobutyl Butyrate 0 0 0 0 
Geranyl Propionate 0 0 0 0 
Geranyl Isobutyrate 0 0 0 0 
Geranyl Acetate 0 0 0 0 
α-Pinene 0.15 ± 0.02 0.15 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 
α-Humulene 7.14 ± 0.76 6.48 ± 0.70 6.51 ± 0.87 6.33 ± 0.81 
Total % Identified 90.32 90.96 91.22 91.24 







Table 40. Percentage (Average Value ± Standard Deviation) of Each Oil Identified in the 
Total Essential Oils Samples from the 2020 Harvest of Triple Pearl Hops Dried with Air 
at Each of the 4 Drying Air Temperatures 
2020 Triple Pearl Drying Temperature 
Oil Compound (%) 22.5 °C 37.8 °C 48.9 °C 60.0 °C 
α-phellandrene 0 0 0 0 
2-Methylbutyl Isovalerate 0 0 0 0 
Caryophyllene 1.64 ± 0.10 1.73 ± 0.27 1.72 ± 0.24 1.65 ± 0.04 
Myrcene 81.12 ± 1.53 79.99 ± 3.07 80.24 ± 2.57 80.98 ± 0.33 
Citronellol 0.92 ± 0.13 0.71 ± 0.36 0.59 ± 0.44 0.92 ± 0.04 
Geraniol 0.21 ± 0.03 0.24 ± 0.02 0.25 ± 0.05 0.25 ± 0.02 
Ocimene 0.26 ± 0.00 0.24 ± 0.00 0.24 ± 0.01 0.24 ± 0.00 
Nerol 0.11 ± 0.06 0.15 ± 0.03 0.13 ± 0.06 0.14 ± 0.01 
Methyl Octanoate 0.31 ± 0.01 0.30 ± 0.00 0.30 ± 0.02 0.31 ± 0.01 
Methyl Heptanoate 0.57 ± 0.04 0.54 ± 0.04 0.55 ± 0.05 0.54 ± 0.03 
Methyl Decanoate 0.13 ± 0.01 0.13 ± 0.01 0.14 ± 0.02 0.13 ± 0.01 
Linalool 0.65 ± 0.01 0.66 ± 0.02 0.68 ± 0.03 0.68 ± 0.03 
Limonene 0.33 ± 0.02 0.33 ± 0.01 0.34 ± 0.02 0.34 ± 0.02 
Isobutyl Butyrate 0 0 0 0 
Geranyl Propionate 0 0 0 0 
Geranyl Isobutyrate 0.01 ± 0.02 0 0 0 
Geranyl Acetate 0 0 0 0 
α-Pinene 0.17 ± 0.02 0.17 ± 0.01 0.17 ± 0.02 0.18 ± 0.02 
α-Humulene 3.06 ± 0.25 3.32 ± 0.60 3.27 ± 0.51 3.13 ± 0.08 
Total % Identified 89.49 88.52 88.62 89.48 







The analyses of different airflow parameters for drying hops showed several aspects that 
an individual grower should consider. These parameters included the bed geometry, bed 
depth, airflow direction, air temperature and airflow rate. The data obtained from the 
airflow resistance analysis enabled determination of appropriate a and b airflow 
resistance coefficients (Table 41) associated with equation 4 to properly size fans used 
for drying. Additionally, the coefficients could be used for either heated or dehumidified 





ln (1 + bQ)
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … (4) 
Table 41. A and b coefficients Summary for 2020 Hops Airflow Resistance Data 







Updraft All 1,980 30.7 
Downdraft Chinook 13,900 288 
Downdraft Tahoma 23,200 2,690 
Downdraft Triple Pearl 7,310 288 
When considering the temperature of the air used to dry hops, the grower will need to 
balance the drying time required against the potential loss of resins and essential oils. 
While the literature and results indicate that there were clearly losses in the total essential 
oil content as the drying air temperature increased, the significant increase in time 
required to dry hops with lower air temperatures may have a greater negative overall 
impact if it results in an inability to fully dry the crop. Further application on the 
assessment of the rate of drying could allow the grower to consider multi-stage drying 





hop. While many of these decisions require weighing of multiple factors, the grower 
should always work with the brewer to ensure their product meets the needs of the 
consumer.  
Future Work 
There are several considerations for future work. The airflow resistance analysis was only 
considered at the initial harvest moisture content state of hops. Looking at the changes to 
the airflow resistance as the hops dry from 75-80% MC to 5-10% MC would provide 
further insight to improve fan selection or operation. Because significant differences were 
noticed between the circular and square bed cross-section geometries and the pressure 
port locations within the bed, there is likely positional variation occurring due to 
inconsistently packed layers as well as potential edge effects. Therefore, testing on 
industry systems where the edge effects are minimal would give better validation to the 
airflow resistance model.  
Further research into the feathering state of each hop variety could refine the analysis of 
the rates of hop drying as there was preliminary evidence that the varieties dried at 
different rates. Extending the rate of drying data beyond single hop cone layers would 
also be more reflective on industry. Ideally, the inclusion of a digital scale to collect 
weight data in real-time within the drying system would allow for better resolution to 
identify the constant and falling rate periods more accurately.   
Future work on the analysis of essential oils would include identification of the rupture 





each essential oil from the gland. It’s possible that interaction or the presence of specific 
species of essential oils could either degrade along synthesis pathways, inhibit or promote 
the diffusion of other species. The glands could be further evaluated using scanning 
electron microscopes to measure the fracturing state of the average gland during the 
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Appendix A. SAS ANOVA and ANCOVA reports 
1. Cone Sizing 
Figure Error! Main Document Only.. SAS Output for GLIMMIX Procedure ANOVA 























                                                                                                                                                                             
2. 2019 Airflow Resistance ANOVA 
Figure Error! Main Document Only.. SAS Output for GLIMMIX Procedure ANOVA 


















































                                                                                                                                                                             
3. 2019 Airflow Resistance with Aggregated Samples 
Figure Error! Main Document Only.. SAS Output for GLIMMIX Procedure ANOVA 



















                                                                                                                                                                             
4. 2020 Airflow Resistance 
Figure Error! Main Document Only.. SAS Output for GLIMMIX Procedure ANOVA 






























                                                                                                                                                                             




































Chinook Available Moisture at 37.8 °C 


























Xt (kg H2O/kg dry matter)
Drying Rate for Chinook Hops at 37.8 °C










































Chinook Available Moisture at 48.9 °C 

























Xt (kg H2O/kg dry matter)
Drying Rate for Chinook Hops at 48.9°C










































Chinook Available Moisture at 60 °C 

























Xt (kg H2O/kg dry matter)
Drying Rate for Chinook Hops at 60 °C










































Tahoma Available Moisture at 37.8 °C 

























Xt (kg H2O/kg dry matter)
Drying Rate for Tahoma Hops at 37.8 °C










































Tahoma Available Moisture at 48.9 °C 




























Xt (kg H2O/kg dry matter)
Drying Rate for Tahoma Hops at 48.9 °C










































Tahoma Available Moisture at 60 °C 




























Xt (kg H2O/kg dry matter)
Drying Rate for Tahoma Hops at 60 °C










































Triple Pearl Available Moisture at 37.8 °C 


























Xt (kg H2O/kg dry matter)
Drying Rate for Triple Pearl Hops at 37.8 °C










































Triple Pearl Available Moisture at 48.9 °C 




























Xt (kg H2O/kg dry matter)
Drying Rate for Triple Pearl Hops at 48.9°C










































Triple Pearl Available Moisture at 60 °C 



























Xt (kg H2O/kg dry matter)
Drying Rate for Triple Pearl Hops at 60 °C
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
